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1.0 SUMMARY

The expanded use of composite materials in primary aircraft structures requires an improved
undersumding of theh"durability.. An experimental program was conducted from November 1977
to December 1990 to evaluate the influence of aircsa/'t-associaled enviromncnts on the pc-rformanc_
of three composite materials systems that are available _ally. More than 7,000 specimens
made f_om T300/$208, T300/5209. and T30_34 were exposed for as many as 10 years and then
tested for residual mength.

Materials were purchased and processed according to exis_ng specifications. Each material was
evalmued for mechanical and chemical baseline properties before exposmre. Large groups of
specimens then _ weighed, measured, assembled into fixtures, and deployed for exposure.

Sets of specimens were sent m _ coral airlines and deployed on Boeing model 737
aircraft flvin.Lgin daily revenue service. The airlines, chosen for their willingness to support the
required tasks and to provide a variety of flight environments, were Air New Zealand Ltd.. Aloha
Aixline_ and Southwest Airlines.

Duplicate sets of specimens wue sent to four separate ground exposure sites. Three loca'ions
we_'e major operating bases of the flu'ee airlines involved in the program. The fourth site, NASA
Dryden Fright Research Center, was selected because it provided a broad range of clima:ic
features. Enough ground and aircraft specimen sets were deployed to permit returns and post-
exposure evaluation after- 1, 2, 3, 5, 7, and I0 years.

Specsmen sets also were deployed to various conurolled laboratory, environments. The six
laboratory exposur_ nmg_l fiq0m a simple exposme using only dine as a parmne_er, to a complex
exposure in a prognunmed lempermure, pressure, and humidity chamber that simulated an ai:'c:af:
gmund-air-gnmnd (GAG) cycle.

After 10 years o" exposure, the tension and flexure specimens have shown little or no residual
decrease in suenr, h from baseline values; some specimens exhibited a residual-su'ength increase.
The short-beam shear and compression specimens did decrease in strengxh, particularly after
exposure m wet environments. Residual-surength tests conducted at elevated temperatures were
best able m identi_, env/ronmmtal effects.

Laboram.,y tests were able to reproduce qualitatively the effects observed on the long-term
specimens. Uitrm'iolet radiation did not signifr,.andy affect the specimens as long as the prc_ec:ive
paint coating remained intact. The freeze-thaw cycle normUy encountered in the ground-air.
ground cycle of conm_ertial aircraft had no effect. Tests ai_ shov.ed that differenx materials
displayed varying responses when they were exposed to similar envinmmental conditions.



2.0 INTRODUCTION

The past 18 years have brought oh'am•tic changes in the application of advanced composite
mater, s to comngtc_ trmspcxx _. In 1972, NASA sponsored the 737 graphite-cou'q)osite
flight spoiler service evaluation Wogram. Five years later. Boeing began development work on a
727 elevator and a 737 horizontal mbilizer on the NASA-sponsored ACEE program (ref$. ! and
2). Other aircraft manufacturers built comparable flight demonstration anicles (ref. 3). The
knowledge ck_ved from these early demonswatim programs has contributed to mo_ extertsive and
complex applications. For example, the Boeing baseline design for the 777 calls for a total
.c¢_mlx_!e _ge. The horizontal stabilizer on this airc_t will be larger than the entire 737
wm_. Recent NASA-sponsored programs indicate that the future will bring even more
apptications (refs. 4 and 5).

Advances in the composite mateK_ have also contributed to their increased use. The science of

conq_, .ire materials is relatively new and rapidly changing. The early 3_)°F cure epoxy systems
are gtvmg .wa..ym ia,erta_r-_mu_rials. ._. ne..wet rim. ufecturing processes such as resin-
.u- er. 0at  un..mau mmr . nowcX, Inorderto
rage mvmtag¢ ot me aovances m tins matunng science, tt will be advantageous to understand how
to test for and predict long.term durability from short-term accelerated tests.

Under ca_tin conditions, composite laminates absorb moisture. Absorbed moisture can degrade
the mechanical _of composite laminates, pm-ticula,--ly at elevated temperatures. Aircraft
components mef_e_uently exposed to atmospheric moisture, rain, and accumulated (traFl_ed)
water. Quantitative requi_! to• am are show the amounts of fluids absorbed un&r various .,¢rvice
condit_xxs and the effect of this abs_tm on mechanical Wope:xies`

This program established and expanded • long-turin environmental exposure database for three
composite materials. Exposure included inflight and on-the-ground aircraft operational
eavironmcnt_ The study also included _'celerated laboratory exposure and a task to correlate the
long- and short-tmn results.

The overaU pt_ h_ • duration of 13 )'ears and involved three tasks:

• Ta_ 1, Flight Exposure, included.-
. Confidence tkrough long-tm'm exposure data.

• httmri_ lind exterior exposure on throe different airlines for times up to 10 )'cars.
• Over 3,200 specimens.

• Ta._ II, Ground Exposure, included-.
• C_nf'_nen through Icng-_:nn exposure data.

i Solar md nonsolm- exposure st four different ground stations for timcs up to 10 years.Over 3,200 specimens.
Baseline t_ing, including the effect of temperam_.

Task IU, AcceleranaJ L_boragx-y Exposure and Data Corrda_ion. included--
• Effect _t_ne alone.

• Acgele_tted tests to lock at the combined effects of moisture, n_isturc aggl time.
wetthercx_m', and sunuhted GAG cycling.

• Over 1.200 specimens.
• Ccaclmon of long- and short-term results.
• Recommended envkcmm_tal test procedures.

3
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A complete description of the program content was given in the f'trst Quarterly Report (ref. 6).
Other reports (rcfs. 7 through 21) have covered progress to date.The program schedule is shown
in figure 1.



Win,

U_

-- ji I

iiii

5



DI!

E

GAG

MC

N'DI

Ol

R&D

RH

RS

RT

RTM

O

t

T
g

UV

W

3.0 SYMBOLS

coetTtcient of variation

bending stiffness

Young's modulus

ground-air-ground

nmistm_ content

nondestructive insp_don

quasi-isotropic

research and development

r_Ja_vc,humidi_..

residuMstrength

room _e_.pcratu_

IY._ntransfermolding

so'e._

specimen thk:kness

glass transition temperature

uhmviolet

specimen _id_

AND ABBREVIATIONS

7



4.0 MATERIALS AND PROCESSES

4.1 MATERIAL SELECTION AND PURCHASE

Materials selected for evaluation on this contract were chosen because of their prior or planned u_
on inservice demonstntiocl components, and because they provided chemical makeup and cure
texture variables to the durabili .ty study. Because of the long-term nature of the planned
program, no attempt was made to select the newest materials available. Components using all of
these mate.rials are in regularly scheduled commercial aidine service as this report is being
prepared.

The T300/5208 system was selected because of its widespread use on components in service at the
beginning of this contract. The T300/934 system was selected because of its chemical and cure
similarities to the 5208 system. Both systems were shown to possess similar environmenta_
durab/lity.

The T300/5209 sysgm was selected because it is a 12 l_C (250"F') curing system. This ._..stem had
been used successfully on the NASA-sponsored 737 graphite-epoxy spoiler evaluation. The,,',:
were concerns, however, that the lower cure temperature would produce a less enviror.n-,en:al'y
ruble nmm_

._oducts in this retxm are identified only to adequately describe them as test materials
Neither the identificauon of these commercial products nor the results of the investigatioc
published herein constitutes official endorsement, expressed or implied, of any such produc" by
either The Boeing Company or NASA.

Th,.-ee materials were selected for evaluation:

• Narmco T300/5208 (material A).
• Nannco 1'300/5209 (material B).
• F'iberite'r300/gM (material C).

Standard Boeing procedures were used to purchase the materials so that the resulting specin.,eas
would have characteristics representative of manufactured comn_oal aircraft structures.

4.2 MATERIAL PROCESSING

All specimen fabrication processes had two goals: to ensure production-quality specimen., ard to
minimize batch-to-batch and process-variable effects.

Materials were purchased and controlled according to existing Boeing material specifications or
modified versions of existing specifications. The T300/5208 system and the T3(g)/934 system

we_ purchased to comply with a Boeing material specification for epoxy preimpregnated graphite
tapes cured at 177eC (350°F). The T300/5209 system was purchased to comply with a slightly
modified version of the same specification. The primary changes for the 5209 system included a
revised cure cycle astd a reduced tengg'rature for elevated.temperatm'e property rcquircmcn:,_.

Receiving inspection tests were conducted and their results made part of the ba_line material
characterization. Receiving inspection test results for all materials used on thts contract can be
found in references 7 and 8.

9



Once accepted, the ma_.,rial systems were processed according to existing process specifications or
dightly modified versions of existing specifications.. The modifications were essentially the same
u those _ at the dine of purchase. No stcunng was used. The cure cycle for the 177°C
(3_°F) cure graphite s_zems is shown _ 2. The curein gun_ cycle for T300/5209 is shown in
figure 3.

To minimize rrat_tl and process variables, all pr_reg for t specific mazerial syszem was procured
from a single b_¢h. Specimens also were cut from large, wide-area laminates. As an example, the
2,654 specimens required for the "F30(_209 system v,_-e machined from on_., I0 taminat_s.

Temperature

A_locl_e

I_res_ure

0,S to 3°C.',_in j,

/ 116to127"c / v.
I  2,,o,o

/__ 30----_r_in.]

! -|

!
I

174 to 185_C i345 to 365cI :_

, ,, , ,_ 3_C,.r_.,_

120 "60 n'm J_ :ScF 'lirl

-0 ..

60'C 1140_g!• --_

I

|

20 KPa I_r _,'_ _,_

{3 lb.'in2 I_ m,rs) /
/

_" 140 KPa 'b.'in2;

(A:_os_er;c, /I {20

I

I
I
I

560 _,m (22 _',),,,'_ ]

\

\'tnl tHIg to I_mo_'_e-e

TP._

F_Tute2. Cu."eCvcte Fo; 177:C IJ_O° I:/G,','_oh/re.Epo._ ),,L._m,nar.es
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Ten_ef D_e

Autoclave

D'_SUre

vqllCUum

I ",o5_C,'.._in

im

40 KPa |20 Ib.'in2:

I

I

Lc"_a mm (22 in) H9

121 to 132:'C 02_I "_o2?O:F:

310 :-35 ,_P_ ¢45 _ b,,-21

L!

, ii

i i

_,'en( _ |0 IT_nOsD"l_?re

Time

Figure 3. Cure Cycle for 121 C =250"F/ Grep_;teEDo, y La._,n,tr.=s
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$.0 TEST SPECIMENS

Mechanical, physical, and chemical changes were monitored for all three advanced composite
material systems. Mo._ physical and chemical propeny measurements were made on mechanical
property test specimens.

$.1 BASIC SPECIMENS

Four different mechanical test specimens were selected for evaluation and are found in all three

tasks. They include tension, compression, shon-heam interlaminar shear, and flexure. These
specilzk_s pea'ned a dill. t ¢ompans_ between the long-term exposure data and the accelerated
labontt_ mun8. The rmonale for selecting each of these specimens was as follows:

• Unidirectional shin-beam shear s.pecans provided an inexpensive test to determine relative
change of matrix properties: this spe_men provided an indu._ry standard test. and was ideal for
extenml flight e._ because of its sinai/size.

• The. crossplied flexure specimens could also be made small and we, re therefore well suited for
external fright _. The 0-deg surface plies dominated Ihe specimen strength, making ,.he
po__ offlber-dominated, but sen:drive to surface degradation. This configuration allo_:d the

a load-deflection curve during test, thereby providing some measure of stiffness
change.

• The __.45q.kg tension sJ_"mens.lm3duced mau'ix-crifical data. 'The specimen had been used as
an ind_ standard, zms speczmen also was stressed during exposure.

The undirectional compression specimens provided a surface-sensitive, marrix-cri:ical
specimen. Evidence suggested that this configuration would be the most discriminat:.ng of the
four.

Engineering drawings of all specimen gets'netries appear in references 6 and 7. The four basic text
specimens are shown in figure 4.

$.2 ADDITIONAL SPECIMENS FOR BASELL'_E CHARACTERIZATION

In addition to the four specimen._ additional !aminates of tension and compression specimens ,ere
added to the Task [] accelerated laboratory test matrix. These specimens are--

SrL'eimen Confic,urafion L_
Compression

Quasi.ismn ic [ ±45/ 013s
90 des [ 90 ]20

Tension

Odeg [ 0 18

Qua.si-isotmpic [ ±45/U/90 1s

The unidirt'ctional laminate specimens were added to characterize more fully the material st stems
The quasi-iscxropic specimens were included to test the performance of the materials in a laminate
that more closely resembled the actual structure.
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TEST SPECIMENS
m

SHORT BEAM
SHEAR

SHEAR
EXPOSURE

FLEXURE

CC3APRESSION

m

t

1

]

0 2 3 4

SCALE :NCHES

Base Test Specimens

5 6 7
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Specimens made from neat resin castings and specimens intended to evaluate the behavior of the
paint film used in the long-term testing also were fabricated for Task IH.

$.3 PROTECTIVE PAINT COATINGS

Composite su'uc_es in semite require a coating to provide protection from ultraviolet (UV)
radiation that degrades matrix material •t the surface. All the long-term ground and flight
specimens and half of the specimens in the weath_ter environmental exposure chamber were
iatinttgl sina'l_y to the NASA Aircraft Energy Efficient (ACEE) program _a'uctures. The complete
coating cotLsisl_! of one coat of primer and one coat of floss enamel. The gloss enamel was a
polywcthan¢ exteri_ pt.occgtiv¢ ¢_ting. The primer was conosion-resistant _ compatible _ith
the gloss enamel. Most of the laboratoD'-expo¢_ specimens were not painted because the)"
_zived insignificam UV radiation.

Although the paint film affm'ded the required UV protection to the matrix, it also posed some
woblems. Among them were the following

• Absoq_on and de._xpdon rates, •s well as equilibrium moisture content levels, differed from
those of the cl_posite. (See section 5.5.)

• A method of specimen identification that would not interfere with test results had to be devised.
(See section 5.4.1.)

• Irregularities in paint-t"dm thickness bee•use of edge buildup and runs meant that spec_men_
sometimes were not peffecdy aligned in thek fixtxacs •x the time of residual test. This could
reduce the appanmt residual smnl_ and contribute to overall dam scatter.

5.4 SPECIMEN IDENTIFICATION

$.4.1 SPECIMEN LABELING

Considerable time was required to identify and track specimens through weighing, measunng.
painting, and reweighing. Because any method of identification capable of lasting through I0

.years .of_sur¢ (e.g., .vibgoctch) .would have compromised the integrity of the test speci!l_n or
tng paint ram, • system revolving suck-on labels wu devised. A compumr program genera,ed the
specimen numbers in • format that could be printed onto adhesive-backed paper and cut up into
individual labels. These labels _ initially applied to the specimens at the same time as the
_hite-only weight and dimensions were recorded. Fixtures were built to hold the specimens
dunng the painting operation. These fixtures provided • space adjacent to each individual
specimen where the label could be placed during painting. Once the paint had dried, the labeLc
were returned to the adjacent specin_en.

5.4.2 SPECIMEN NUMBERING SYSTEM

A specimen numbering system was defined that idea,fled the material system, specimen
configuration, geographical exposure location, local exposm'e condition, and exposm'e du_tion.
The seven-character alphanmmric identification scheme is summ,-mzed in figure 5.
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SPECIMEN CONFIGURATION
SE S_c*', beam tx:ended

{three SDeCtr_ePsl

SO Sa'_o_bean sheu
FL l=ttx*,re
T4 -+45tension
TO 0 tet_io_

TO Ouasi-isotro;);¢'_ension
CO 0 coml_ret4ion
C9 90 _Drtssion
CO Ouasi.isotrol)i¢¢omprmion

MATERIAL
A T300,_-_Oe
D T300,_209
C T300,I)34

--'--- (3b GEOGRAPHICAL LOCATIO%
P Southwest A._i,,_es
A Aloha Aidlre_
F A:r NI_ Zel!are
N De,as. Texas
E _rvckm-Edwi,os. CsIi_orn a

_) Wel:.n_,on. hew Ze,la'_cz
H Honoid:u. H aw'ilii

L Labo_ltorv
ble'_k Excessin I j_$s'gne¢

IS) EXPOSURE DURATIOI_
00 0vr n ,_it, II

0A 1 mo n_y._ir'el
0B 2 mo nomn,;
OC 3 nx_ nom;,_
OF 6 mo moni,'_
0l 9 ff10 rtOI111"_ll

01 1 yT nora:nil

02 2 vr non_nat
03 3 yr no_nal

OS 5 vr no"n_nal

O? 7 vr PO'_,n_l

10 10 vr nom;"_l

Ullmk Excess iw_d t.'_ass,gned

44} LOCAL EXPOSURE LOCATION
AND COI_DzTION
S Sole _'

N Nonso_lt
I Int_tio- (Task II
B 6_lseli'_eand tem_eratu_
? Timt tff_c',s
_1 I_,ois_ur_etft_c:s
2 T_,_e and moi_re
G Grour<l-iir-_ou_cI cyClq(I
W _.%'elt_.lfo¢,,eter
b:a.k Excess_ ura_RreO

*_telm_;el _34-:.45 t_.m,on. Oa,'tln (ground rick ). nonsol_, ex;)osed for 7 yeMs

F_Jclflf5. Spe.cln)en IVumber,ng SysZew')
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$.$ SPECIMEN WEIGHTS

The oeriginal test _ plan called for reccaxfing.specimen weights before and after exlx>sure for
the purpose of determining motsture content at tesang time and to help determine items such as the
time different specimen configurations take to reach equilibrium moisnu-e level. Initially. _eight
measurements were planned for the following times.

• After storage in a drum under dry conditions at 25% to 30% relative humidity (RH). but before
painting.

• After painting. (All of the long-term exposure specimens were painted, but most of the
accelerated laboratory specimens wen," left unpainted.)

• After e_vimcanental exposure, but before mechanical testing or dryout.

• After dryout and before mechanical testing. (Most of the specimens were not dried before
testing.)

These planned meastatnznts were intended to provide comp,a'isons of v,¢ight data collected befo¢_
and after expostu¢; they also furnished the initial weight of the paint for painted specimens. In
addition, many laboratory specimens were weighed duoughout exposure to provide details of ho_,
exposure contributes to moisture gain and erosion. In general, the procedure of weighing
speci."mens before and after exposure proved unacceptable for measuring or tracking absorbed
mo, sture--especiaUy when the exposure was to real-world conditions or complex environmea:al
co¢_tions in the latxmtmry.

Retort:ling individual specimen weights was tedious and time-consuming. Because specimen
configtntions were intentionally small, weight changes because of moisture were very sma'.l.
Much larger changes resulted from other factors, such as foreign substances (dirt, grease or
hydraulic fluid) on the surface of the specimen, paint chipping, or paint degradation because of
weathering. Outdoor specimens and those exposed in the laboratory' weatlgrometer initially gained
weighL but Its time passed they ilcumlly lost oonsiderably more weight than t_y had gained.

For some specific exlx_mre conditions, such as tests limited to relative humidity effects, recording
the weights for gross individual specimens may be an appropriate way of tracking moistcr_
absorption. However. this method was not considered at;ceptable for most of the exposure
conditietl$ in this study, ilidividual specimen weights following exposure were not recorded after

it became q_arent that the dam would serve no useful pur_se. Unless specifically m_ted, weights
and mois contents published in this report are based on the specimen dry.oat procedure
described in section 5.6.

$.6 TEST PROCEDURES

The following subsections briefly de_'ribe the testing procedures for all specimen configurations
associated with this contract. Strengths for each exposun: situation and material were averaged.
and overall strength was reported as a percentage of baseline strength. Baseline values are
considered to be 100%; therefore, strengths reported above 100% are stronger than baseline, and
strengths repo¢_t below 100% are weaker than baseline. Baseline te_ng was performed at uh_ree
temperatures: room temperature..K}°C t120©F), and 82°C (180°F). Envi.ronmentally exposed
specimens were tested at room temperature and 82eC (180°F',. Specimens were waked at
temperature for 5 rain. Test results obtained for specimens exposed to the elevated temperature
were cct'nIxm_ with baseline tests for the elevated temperature.
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5.6.1 SHORT-BEAM SHEAR

Short.beam shear testing is used to measure an apparent shear surength in composite materials.
The shear strength is useful in comparative te.c_ing but should not be used for design. Testing was
performed and surengths were calculated accordin| to ASTM/ANSI standard D2344-76. The
specimens were loaded in thr_-point bending. The support span dimension is a function of

specimen .thickness. For grap_te.fiber-reinf .o.n_. materials, the. span/thickness.ratio is 4. Spans
for all spectmens of each material were detennmed as • group using average laminate thicknesses.
The resulting values _.re:

Maeerbd Span, mm fin)

_08 9.9 (0.39)
T300_09 10.4 (0.42)
T300_34 ! !.2 (O.aA)

Specimens were loaded to fracture in a universal mechanical testing machine at a crosshead
deflection rate of2.5 _ (0.1 in/rain).

5.6.2 FLEXURE

The £ailuare load of the ,._'ossplied flexure specimens used in this contract is dominated by the
surface 0-deg plies: the specimens are therefore sensitive to surface effects. Testing was
perfomngd and strengths wece calculated for extreme fiber stresses according to ANSI/ASTM
standard D790-71. Specimens were loaded to fracture in three-point bending at a crosshead
deflection rate of 2.5 mm/n_ (0.1 in/man).

5.6.3 TENSION

All tension testing was performed in e/ther an lnstron or a TinJus-Olson testing machine at a
crossbead rate of2_ mm/_n (0.1 in/rain). The specimens were held in ordinary mechanical grips
with serrated jaws. In addition to the 0-deg specimens, the stressed ±45-deg tensions were the
only specimens with loading tabs_ however, the jaw sermtions did not adversely effect the testing
quality of the untabbed specimens. Specimen respon_ was monitored during each test with an
¢xtensometer, and a load-deflection curve was ploued up to specimen fracture. Fractureload was
recorded for each test. Ultimate failure stress was calculated by dividing the failure load by the
measured specimen cross-sectional area.

5.6.4 COMPRESSION

T_e_tsC_ml:nessiontesting was performed using Celanese-style compression specimens and fixtures.
showed that the load-deflection curves were mote linear if a 13-ram (0.5-in) gage block was

inserted between the Ce,lanese fixture jaws and a load of 2,200N (._00 Ib) was applied. This
lond was amended to align the jaws and set the jaw sermdons into the specimen tab material

t actually applying a load to the specimen.

Loading was performed at either a crosshead deflection speed of 2.5 ram/man (0.1 in/m/n) or a
loading me of 22 _ ($.000 lb'min).
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$.6.5 SPECIMEN DRYOUT

One shear exposure specimen from each long-term exposure condition and lbr each material _a_
reserved for • dryout procedure at the end of the deployment duration. Upon return to Boeing. _h¢
specimens were weighed and th=n placed in a 71_C (160°F) circulating-air oven. The specimen
weights _m'e racked until the specimens stopped losing weight, a period usually lasting about 90
days. When dry, each specimen was divided into three short-beam shear specimens and tested in

osual _.

The maximum weight loss incurred was found to be equal to the specimen moisture content at time

of return. This value was found to represent the moisture content for all specimens of a particular
material and exposure situation.
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6.0 LONG-TERM FLIGHT AND GROUND EXPOSURE

6.1 EXPOSURE PLANS

Thefollowingseodonsdescribeflightexposureplansfor TaskI andTaskII exposm'cs.

6.1.1 TASK I-FLIGHT EXPOSURE PLAN

The pin for Task I cxposx_ is shown in figure 6. The mmix covers-

•

• Exterior and munrior exposure.
• lq_aial sysscms.
• Speciam ns.
• Stn_

• Repuczespecinu 
• _test mnpemtlu_

For the flight exposmc plan, ooc basic interior or cxmrior specimen set for each ca'npositc matcria]
was deployed at each exposu_ site on the aircraft (See section 6.4.1 for a detailed discussion of
exposure sites.) Each _'rplane carried 98 specimens on the extc_rior and 81 specimens on the
interior. Altogether, 3,222 specimens were deploy_L with 1,074 specimens assi_smed to each of

the three airlines ova the course of the study. As e_w_..cxposm'c pe_od ended, a full specimen set
was retrkved and returned to Boeing for testing and e_ aluadon.

Initially, on!y the 1-, 2-, and IO-ycar flight exposure spccirncns were deployed. As specimens
were retrieved, they were replaced with the 3-, 5-, and 7-year exposure specimens as follows.

• Onc-ycm" specimens were replaced with 3-.war specimens.
• 'I_'o-ycm" specinums wee replaced with 7-year specimens.
• Three-year _ns were replaced with 5-year specimens.

This deployment plan invoh, ed • minimum number of _rcraft v, hilc keeping the total plannc_
exposure cku_on within 10 years.

6.1.2 TASK H-GROUND EXPOSURE PLAN

The exposure plan for Task il tes_g is shown in figure 7 The mamx covers.-

: _ic_ exposure locations.Retrie perUxU.
• Solar and nonsohur exposure.
• Mazedal systems.
• Specimen
• Stress Slates.

: RepUczespecimens.
Residual test unnperanu'cs.

The plan called for 135 specimens to be retrieved and returned to Boeing at the end of each
exposure period. Of these, 63 are from the solar exposure face and 72 are from the nonsoltr face.
All the ground-rack specimens fol" T300/5208, T300/5209, and T300/934 at each location v, ere
deployed on one rack.
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6.2 AIRLINE AND SITE SELECTION

Exposure locations for Task I flight exposure and Task II ground exposure were based on several
factors. Three of the four ground sites were predesignated as major operating terminn.ls of the
selected Task I airlines, so that selection criteria were heavily biased toward the Task I
req_ts.

Individual factors that played a pan in the selection process included--

• Aixiine roule

• Aifl/n¢ fleet sire md _ m support the progr_r_
• Cgnt_ climatic facu_ within the area.
• Aidine menfft use.
• Politkal climale of the are&

No attempt was made to seek out arbitrary, worst-case environments. Instead, the selected sites
relxcsented typical environments expected for _ial uanspon structures.

A summary of the selected long-term exposure sites is shown in table 1. The selection criteria
favored the use of regional airline can'iers operating in a kno_n climatic region. All t_ of the

selected a/r_ had the req_red fleet size (six-airplme minimum) and expressed an interest in the
pmgrmn. Air ,New Zealand and Aloha Airlines had provided excellent support on similar programs
m the past.

The general climatic factors within the airline route structure are summarized in figure 8.
Honolulu's warm, moist conditions are typical of tropical climates, which provide a harsh
environment for conventional aircraft _ and are con._idered a potentially severe condition for
moisture absorption in ccmposites. There is little variation in temperature or relative humidi_,
throughout the year.

Wellington provid_ a cooler but more moist environment than Honolulu. Coupled with less _'_lar
heating, the Well/hEron specimens, on the average, were expected to contain more moisture than
any of the other ground-rack specimens.

Historical climate dam for Dallas show nuxlerate and fairly constant relative humi_, throughout
the year, but an exam, me range of temlxn-amres.

Table 1. t:_hl and GcoundExoosure--Locatk>ns and Parfg'#aants

TASKt--FLIGHT EXPOSURE

AI_tlES
ii i

AirNlav Zwland L,_.
Aloha Aitlinat
,.q_ueYdmmAi,linm

TASK II--G,qOL_O EXPOSURE

RACKLOCATION
i ii m

Wdlnglcm. New Z,_r_
I-Ionok_. Hswa_
Dzdlas. Texas
NASA.Ory¢_ F_._ R,s,ar¢_

Cenlw. C,li_nia

i

Ar NaveZ_114u_Iulu4_fs
Aloha AJd_nesI'ku_a_l,rs
Sc_t._e_ Ai',mlrt Huoclua_,em
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The fourth ground exposure site was the NASA Dryden Flight Research Center at Edwards Air
Force Base,, California. This site represents arid to semiarid de,_'n-like regions and shows a large.
seasonal variation ranging from cool and moist to very, hot and dry., Based on monthly a_rages, it

never gets as wet as Honolulu. The Honolulu specimens we_ expected to absorb moistun_ to
,some equilibrium level atai then change relatively little thereafter. The DD'den specimens, on the
other hand. were expected to undergo an annual absorpfion-desorption cycle for their entire
exposuze duration. The residual strength tests were tOIL_i,_in determining the relative seventy of
these two kinds of exposure.

The airline aircraft hi.sto_" of use also played a pan in the selection process. Typical flight profdes
forthe threese_cl_ aJzlinesan_sho_ infigu_ 9.

Aloha Airlines, which provided a unique flight environment, represents one extreme of a flight-
usage specmaa. Flights occur generally only during daylight hours and are flown in the area
bounded by the Hawaiian Islands. Their hour-per-day usage rate is relatively low, but beczusc of
an extremely short flight length, they accumulate nume_us Eight cycles.

Air New Zealand operates 737s in a maritime en_-ironment, and all airfields either have oversea
approaches and depatttwes or are Locatedclose to the coast. Flights have a grez_ter variation in
range than Aloha Airlines, have longer average flight durations, and fly at higher average altitudes.

Southwest Airlines, on the other hand, operates in a more arid environment. Flight range and
ckw,ttion are between that of Air New Zealand and Aloha Airlines.
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6,3 TEST SPECIMEN HOLDING FIXTURES

Because of the numerous small specimens involved in the Woig'am, fix_ wez'e designed to hold
them in groups. This facilitated deployn_t and simplified identification and urncking. Short-beam
shear and flex=re specimens were housed in the fixture shown in figure Z0. This fixture was
designed to hold up to six flexure specimens and up to three shear exposure (nine short-beam
shear) specimens. Compression specimens were housed as groups of six in a similar fixture,
shown in figure 1 I. The production drawing for both fixtures is shown in appendix B of
reference 7.

The holding f_ture for stres.c,ed-tension specimens was designed m minimize size rand weight
while maintaining a sustained stress through a large variation in temperature. A cutaway of the
completed fixture is shown in figure 12. It consists of a ventilated titanium tube, with its
characteristically low coefficient of thermal expansion, and a custom alumimtm clevis tl_at
compensated for the near-zero thermal expansion of the graphite tea specimen. The length of the
tube and the clevis were calculated so that the thermal expansion of the tube just equaled the
themml expansion of the specimen plus the a.luminurn clevis.

Load was appliedwith theaidof a Bellviilespringwasher locatedjustoutsidethe endcap. The
pr_uction drawing tot"thisfixturewas presentedinreference7. The stressedtensionspecimens

loadedwith a deadweight loadIm:gedure thataccountsfor springbackinthe testfixture.A
targetloadof 1,100N (250 Ib)was establishedtoprovi¢ka reasonablestresslevelfordetermining
differentiationwith theunstressedspecimens. "i'hisloadproduced a sustainedstressof 22% to

24% ofRT ba_line tensilestrength,depending on thematerialsystem. A complete development
of theprocedureused toachievethisconstantloadisgiveninreference9.
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6.4 SPECIMEN DEPLOYMENT

6,,4.1 AIRCRAFT SPECIMEN DEPLOYMENT

Two specimen deployment locations were selected on the Boeing model 737 aircraft. These
included the flap-uack fairing tailcone for exterior aircraft exposurc and section 48 of the fuselage
for interior tircr_ exposure. These a.,easaxe sho_ in figure 13.

'The tailcone of the flap-track fairing offered several advantages for generating acxual flight service
environmental dam on the exterior of an aircraft. Because it is aft of the wing trailing edge,
aerodynamk problems were minimized. The talk, one is held to the aircraft ,_ith 16 bolts, and no

alterations were necessary in the existing, aircraft structure. Once in place, the tailconc is readily
accessible for inspection. Finally, mounung specimens on the upper and lower ._'ftces permitted
examination of the effect of solar heating and UV radiation.

Two different modified flap-tntck f_ tsilcones were designed. The first version carried three
of the fixtures made to hold specammsfor short-beam shear and flexure testing on the upper
surface, and thn:e additional _tures on the lower surface. The fixtures were attached to the

milcone with bolts and floating nuq31ates. A second ttilcone was designed to hold four tension

specimens on the ulDper surface and four more on the lower surface. Because the tailcones are
essentially conical, st was possible to position the specimens a/ong radial lines and. with a slight
arnount of shimming, ensure that they lay flat (unstressed) dunng exposure. Bolts and floating
nutplates were again used to attach the speczmens to the _lcone.

The tltilcone_ specimens, and holding fixtures were assembled at Boeing and sent to the airlines,
ready for installation. This x_uced the downtime and installation time required of the air!ines.
Two modifu_cl milcones are shown in figures 14 and i 5.
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The second area selected fog specimen exposure was section 48 of the Boeing model 737 fuselage.
The location is aft of the pressu_ bulkhead and ahead of the auxiliary power unit firewa]l. The
spec!mens were exposed to the ambient temperature and relative humidity because of sizable
openings through the _de of body for the horizontal stabilizer. This region also provided the large
geometry envelope necessary fog strex_d exlx_ure testing.

$hogt-betm shear, flexure, and compre_ion specimens were grouped in the specimen-holding
fixtures described in section 6.4 and attached m the fuselage stringers. This was accomplished by
adopting • nylon stringer clamp normally used in production to attach wiring bundles. Figures 16
and 17 show a nggkup of the fi.,_sSed installation.

_'. _
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F_gure 18 shows six tension specimens exposed on the interior of the aircraft. In this case, the
nylon stringer clamps, along with standard f;Isteners and phenolic wa._ers, were adequate, and no
additional fixmring was n:quin_.

Sttessed-tension fixtures also were attached to the fuselage stringers. The previously descr/bed
nylca su'inger clamp did not knd itself to this installation, so a phenolic sKki]e was designed that
would attach to the stringer without the need to have holes drilled in the fixture tube or stringer.
Figure 19 shows the complete installation in mockup form.

+ •

° _ .

_gurO 19. /ntooot A/.'cra_ Stres._K/Tens/on Specimen Figure
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6.4.2 GROUND SPECIMEN DEPLOYMENT

A rack was designed to expose specimens to both solar conditions (all aspects of ambient
environment, including direct sunlight) and nonso]ar conditions (all aspects of ambient
enviroarneat except direct sunlight). Consideration _,as given to--

• Exposme area mcluirements for each retrieval station.
• Maximumreaieval flexibility.

- shietdm muoar  
General simptici.ty for minimum cost.

• Rack eaasCemfioa and seeap.

The resultant rack design ¢oasistecl of an aluminum mainfnm_ and 36 iasen panels. Each L,Lsen
panel or exposure station was designed to hold all of the _x'ciraens of one material system for one
exposure lime to either solar or noasolar exposure. The area requirement for solar or nonsolar
exposta'e f_ each mattTial system at each withdrawal time is approximately 0.09m2 (1 ft2).

The 36 exposure stations were housed on a triangular frame nominally 2.7m (9 It) long by 0.6m
(2 ft) high. The rack mainframe was primarily 6061 aluminum alloy with welded construction.
This provided the require/stiffness for the lattice to which each exposure station was anached

The exposm_ stations or insert panels consisted of 2024-T3 aluminum sheets that were drilled to
receive the appropriate specimens and then painted. They _,v_re attached to the mainframe with four
quarter-turn quick-release fasteners. One insert panel design, shown in figure 20, was used for
solar exposure, and the design shown in figure 21 was used for nonsolar exposure.

@ 0

J®

!

•qgum 20. Solar Gmun_ _m _ Ptne¢
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Nonsolar specimens were shieldedfrom directUV impingement with a slab of phenolic

honeycomb con as shown infigure22. Thisdesignprovidedadequateaircirculationand a11ox_ed
precipilalion to drain down the irdividual cells and on the specimens.

A cx_pleted rack i_ shown in figure 23. The 18 solar exposure panels, complete with specir_ns.
are shown oct the front tide. Th,- boeevcomb sunshield that protects the non,,_olar specitrgns from
directexposm_ tothesun isvisibleon thek_ck _/de.

6.5 LONG-TERM SPECIMEN TRACKING AND LOAD MAPS

Because it was tmpossible to maintain the identification tags on individual specimens, exposur_
history was mgked by the specimen-holding fixtm'e. Each of the titanium fixtures and ground-

rack insert panels described.previously in this section contained a permanent steel, stamped
identification number. A series of load maps was prepared that identified specific specimens for
each holding_. An example isshown infigure24. Once theu_stspecimenswere locatedina

fixtt_, the paper _bels that had accompanied each specimen to that point were removed. When
_he fixture was returned following the desired exposure duration, individu;d specimens were
reidentified before disassembling the fixture This w_ done either v.ith a new set of l_bels or with
ink.
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7.0 ACCELERATED LABORATORY EXPOSURE

7.1 BASELINE AND EFFECT OF TEMPERATURE ON DRY SPECIMENS

To establish basic specimen mechanical properties for the three contract materials, baseline and
effect-of-temperature testingwas performed. Specimensincluded short-beamshear, flexure. O-
and :k45-_leg tension, quasi-if_a, opic tension, 0- and 90.deg compression, and quasi-isotropic
compressmn. Normally, five repli.cate specimens of each configuration were tested at each of the
three.test mnperamres. Table 2 ipves a cot_lete bt_tkdown of specimens and testing used for
baseline and effect _ temperature. The specunen$ were tested at room temperature, 490C (120_,
and 82°C (18OAF). This testing provided a comparison of unexposed specimen strength values
with all ocher tmdng and m indication of u:mpenuure effects on suength and modulus.

Before testing, all specimens were stored in a drum containing desiccant that provided a dry
envuronment at room temperature. It was determined during The Effect of Moisture program
described in secdons 7.3 and 10.3 that the actual relative humidity in the storage drum stayed
he_en 25% and 30%.

7.2 EFFECT OF TIME ALONE ON DRY SPECIMENS

A controlgn_apo/"specimens was carefullystoredtoevaluatetheeffectsof time on themateri;_l
systems. Postcureeffects have been observed in both stauctural adhesives and resin matrix
materialswhen exposedtomildlyelevatedtemperaturesforrelativelyshortperiodsoftime,It_'as
not known if the contract materials would show tluseffect when exposed to room temperature for
longer periods of time. Time-alone specimens were limited to shah-beam shear and flexure
configurations.
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Before deployment, the specimens were stored in • desiccated 55-_1 drum. For Ume-alone
exposure, the specimens were sealed in small desiccated jars shown in figure 25 and st(xred at
room lempem,ue. Because the desiccant changed color when a certain level of moisture had been
absorbed, it could be changed as needed. Exposure dundons were 1.2. and 3 years. Overall
specimen weight change was mr,asu_ immedLately I_fore testing. Half u_ specirr_ns were tested
for residual su'ength at room temperature and the other half at 82°C (! gO°F). Table 3 gives •
breakdown of d_ specimens.

a -
contract

F_u_ 25. Tvne A/one Expo,_re Com_ne_

Table 3. Tesl Pl_ for Eflecl ol T_ne Alone
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7.3 EFFECTS OF MOI.VrURE AND TIME ON WET SPECIMENS

The following sections describe the effects of moisture and time on vet specimens.

7.3.1 EFFECT OF MOISTURE

The Task lll labccatory exposure prolwam contained two test plans specific'.dly oriented toward the
effects of moisture. The initial plan, The Effect of Moisture, examined the short-term reversible
effect of moisture absorption on gnphite-epoxy laminates. Test specimens were exposed to 49°C
(12/3"1:')and four diffa?.at relative humidity conditions: 40%, 60%, 7.¢%, and 95%.

Table 4 gives • breakdown of the specimens and exposure conditiom. The specimens were
exposed until an equilibrium moistu_ level was achieved. They then v,_'e tested statically at both
room tenqxa'ature and the 820C (18001 :) elevated temperature. Instrumentation used on this
program was similar to that used during testing of the baseline specimens. This program was
designed to show how the various lamina_s reacted in the _ of absorbed moisture.

Dgyout specimens for each nlaterial were included to determine whether the observed effects were
reversible or incversible,

7,3,2 EFFECT OF TIME ON WET SPECIMENS

The secmxi moisture-related test plan was The Effect of Time on Wet Specimens. Specimens that
had been conditioned to 49°C (120°F), 60% relative humidity tnd 49°C (120"I:), 95% relative
humidity wa-e held at temperature for up to 2 years before t_.s/dual test. A complete descriixion of
the test plan is given in table 5. Unlike the initial moisture program, this stud), was designed to
detetmi_ whether or not moisture in • graphite-epoxy laminate can, given sufficient time, cause
irreversible degradation. Short-beam shear and flexure specimens were tested.

Teat specimens for both programs were preconditioned in desiccators containing a glycexin-water
solution. Preparation of the _olution was done in accordance _,ith ASTM specification E104-52,
method A. Its ability to provide • selected relative humidity was verified in the Boeing Scientific
Research Center. Initially, two instruments were used for verification: a Panametdcs model 2000
hydrometer that converts a dew-point measurement to relative humidity, and a Honeywell rm_i¢]
611 that rrgasures the pe_enlag¢ of relative humidi .w 0_!) directly.
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T&blo 5. Tesl Plan lot Effect ol Time on Wet ._ocimen$
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The humidity chambers consisted of two Pyrex desiccators with glycerin-water solutions
formulated to achieve 59_ RH and 74_ P,H at room temperature. These solutions com,'en to
nominal 60_ and 75% values when elevated to the 49°C (120°F ")exposure temperature. The
Panametrics ias_t is highly _cura_e at low relative humidifies but is less reliable at the high
humidities involved with these desiccators. Results from the Honeywell instrument were used to
vcnfy the glycerin-water solutions. The desired humidities c(mld be achieved with an accuracy of
:f.2%. A final check was made in the 49"C (120_F) environment using a Rustrak strip chart
recorder. Figure 26 shows one of the desiccators undergoing checkout whh the strip chart
recorder.
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7.4 EFFECT OF WEATHEROMETER EXPOSURE

The weathcmmcter is an envimnew, ntal exposure chamber consisting of continuous UV radiation
and an intermittent water spray. Figure 2"/shows lhe inside of the exposure chamber v,ith the

-c_lsmens held vertically around the perimeter, it is an effective simulation of the degracling
of sunlight coupled with the erosive effects of surface water such as rain. In addition, there

is the effect of the water washing away the UV degraded byproducts of the surface resin, thc,eby
providing a fresh resin surface and continuing the degrading-ervding process, Only flexure
specimens and paint evaluation specimens were involved. Table 6 gives a breakdown of
 citmm andt=t ,lxcif tions.

Half of the flexm¢ specimens we,re unpainted, and the other half were painted with the standard
Knish used on this contract and described in section 5.3. The paint evaluation specimens were
6.35- by I 1.43-¢m (2.5- by 4.5-in) coupons made of 0.51-ram (0.020-in) titanium that also was
painted wilh the sumdard finish. The painted specimens were intended to determine the protective
effectiveness of paint. Stainless steel fixtures, shown in figure 28, were designed to hold 20
flexure specimens and one paint evaluation specimen each, The fixlures provided for _.'o-sided
moisture access, but only one surface was exposed to UV radiation. Each 2-hr exposure cycle
c_nsis_d ofconlinuous carbon-arc lamp irradiation with an I8-min water spray.

Specimens of T300/5208 _ divided between temng at room temperature and at 82=C (I80¢F).
Specimens of T30(_209, and T300/934 were all tested at 82°C (180=F) only. Weight change.
zcsidual stnmglh, and glass transition temperature data were collected.

I_,Ol._ 27. Inter�or of '_Te,gtheeOt,'e'er _Xl_OSuee Ch&r_er
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Table 6. Test Plan to Evaluate Effectof Weatherometer Cycles

ORIENTATION AND REPLICATION

s 12 _ R.EXURE _ e2"C(I#0'FI Ut?
llm

sos ..... Io_._s_ 21, s s _ eo

TOW

F-_re 28, Wea_eron'mter S¢_:imen Hok:_s
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7.$ EFFECT OF SIMULATED GROUND-AIR.GROUND CYCLES

The Webber chamber is an en,._ronrnental exposure de_ce for simulating the conditions of a
standard commercial aircraft Bround-air.ground (GAG) flight cycle operating from a hot, moist.
tropical climate. Figure 29 shows the Webber chamber with specimens in the exposure
comparm_nt. Specifically, cycles are I hr long and consist of fo,_s phases, as presented in figure
30. The f'urstphase is 10 rain long with constant conditions of 49°C (120°F), cocglensing relative

humidity, and standard aunos_heric pressure simulating a hot runway condition. The second
phase is a 25-rain steady tran_tion from the fwst phase to the third phase and simulates aircraft
takeoff and climb to cruise altitude. The third phase is a 10-rain simulation of aircraft at cruise
altitude with conditions of -54°C (-65'_F)/0% relative humidity, and 12 000m (40 000-ft) altitude
pressure. The fourth phase is a 15-mia transition from phase3 back to the conditions of phase 1,
co_ple_ thecycle.

q --"
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Test specimens invoh.ed included short-beam shear and flexure. Painted titanium coupons ,,ere
included to assess the ability of the paint f_n to _ithstand freeze.thaw _'cles. Micr(x'rack analysis
was _rfonned on selected SlX'cimens after exposure durations of 1.2. and 3 months. Residual-
saength measurements were made after an exposure duration of 6 months. Weight change
measurermats were performed on selected specimens at finer exposure intervals. Table 7 gives a
complete descrilxioa of the specing'ns involved, as well as the exposu_s.

Ta_e 7. TeSt P/In/o," #le E/tecf o/S/mu/atl_ Ground-Air.Ground CJI_'e.+
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8.0 BASELINE TEST RESULTS

8.1 SllORT-BEAM SHEAR

Baselineshort-beam she_ t:stmlwas completed on T."_)0/5208.T300/5209, and T300/934 at
three different test temperttures, ]_ive RpUcate specimens were tested at room temperature, 49_C
(L2OOF), and 82°C (180°F) for each mateziaI system. Testing was performed in a Tinius-Ol_n

12-_p mechanical testing machine. Load-deflection curves were rtcot'ded for the majority of the
speczmens using a 1>-2 Ikflect(m_ter. An American Instrument Company oven was used for all
elevated _mre testing.

Su_ _ort-beam shear mengths, as • function of test temperature, are shown in figure 3 I.
Each point shows the average value for the group of five specimens. As expected, the Narrnco
T300/5208 and the Fiberite T3(X),934 systtmas show similar behavior while the Narmco T3(D/5209
[121°C (250°F)] cuat system shows somewhat lowe_ strengths at all temperatures.
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8.2 FLEXURE

Baseline flexure testing was performed in the sara¢ equipment used for short-beam _¢ar testing.
Smmnaty flexure slrc.ngth data, as a funcuon of test temperature, arc shown in figure 32. In this
case, su_.agths axe reported as exu_ne fiber su, csses. These ate obtained using a laminated-plate
beading thcvv/.

For thelayupconsidered,[02_4_]. thebending _ffness,D II'is:

1-Vxy_4s Vyx.._s

'* E _ 1 r'V_ Vyx_
where tisspecimen thickness,Ex areextensionalmoduli forthe0-.±45-,and c_-deg directions,

and Vxy arePoisson'sratiosforthe0-,±45-,and 9C)-degdirections.
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The maximum fiber su'es._.s, o x, am computed assuming xhree.point bending wizh the formula

o

O x "

where P istheultimateload,Iisthespan,and w isthespecimen v,idth.

These computations did not consider nonSnear, temperature-dependent properties at this time.
Edge effects and staess concentrations in the vicinity of the load points ,_,,.'re also neglected. The
values for the m<xhdi and Poisson's raSos axe given in. table 8.

8.3 TENSION

Baselinetensionlesdngwas performedinan Insn'onmodel "ITD-2109 te.qmachine. A summary

of_ szrenl_h_Its asa functionoftempenmre isgiveninfigure33. The resultsrepresent
specimen _ vauues at room _.mperan_ and at 82°C (I8(PID and five specimen te_ values at 49_C
(120°F). One unexpected aspectof the resultsrevealed in figure33 isthatT300/5209 had

subsmmially higher slrength acro_ the temperature nnge than has either "1"30(I/5208 or T30(_t.
If the T30(O209, elevated temperature baseline strengths are artificially high relative to the other
materials, which could explain the apparently low residual slrengths reported for tension sp_imens
in section 9.5.
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8.4 COMPRESSION

Most of the baseline compression testing was performed in a Celancse compression fixture,
ahho(agh several room temperature tests were performed in an IITRI co¢'npre._ion fixture during
the comparison testing described in reference 15. Loading was perforated in a Tinius-Olson 12-
kip mec.'ua'_ic2 _:.(; m_L__,,. Load and cross-head deflection curves were plotted for all tests.

A summary of the 0-deg compression strengths for all throe materials is shown in figure ._1. The
only notable aspects of these results are the somewhat low-streagth values measured for
T300/5208 and 13(X1/5209 tested at 82°C (180°F). Average values for all baseline strength and
glass transition temperature measurements appear in tables 9, 10, and ! I.
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9.0 LONG-TERM TEST RESULTS

9.1 EXPOSURE HISTORY

Throughout this repon, specimens arc described by their no_rud planned exposure du_non.
Tables 12 and 13 show theactualflightand ground exposure h|stonesforIong._rrnspe:tmens.

The dates are as rcix_ed by the personnel at the exposure sites. Akcrafi hours and landing._ are z._
reported by personnel at the exposure sites or are close estimates based on Bocing fleet use
sutisdcs.

Because of budget consmunts, specimens that had been scheduled for residual strength tesnn$
followinS ? years of exposu_ were not removed at that time. They were removed in October 1990
and will be sent to NASA for disposidon.
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Several disruptions in the planned exposure took place over the lO-year exposure history. Most of
these c 'hanges _r_ insignificant. For example, early in 1984 the roof rack at NASA Dryden was
sto_ in a nearby wmed_se for just over 3 months. The only specimens remaining on the rack at
that time were the 7- and 10-year sets. Because the proximity of the temporary, storage site meant
that the only elements missing from the exposure history for that time were direct sun and rain. test
results should not have been affected. At one time or another, all of the ground racks were
temporarily removed for roof repairs. In addition, w,traft sale and lease activity prompted several
transfers of specimens from one airplane to another.

With few exceptions, all ground-rack specimens as well as all aux:raft specimens from Air New
Zealand and South,_,,est Airlines were retrieved following long-term exposure. Because some
specimens originally deployed on Aloha aircr_ were not recoven_, middle exposure time data axe
unavailable for the Aloha aircraft. However. this absence is not significant. Early trends are
available from the 1- and 2-year retrievals, and the 10-year data are available to show long-term
effects. In addition, Honolulu ground-rack dam are available for the times where flight data are
missing. Section 9.7 shows that the ground-rack data parallel the flight data for both Air New
Zealand and South_t Airl/nes.

9.2 TREATMEN"r OF VARIABLES

The long-term portion of this cmuraL-t involved numerous variables. In order to clati_, the results
for reporting purposes, individual variables are treated in a particular sequence. Also, results from
1-, 2-, and 3-year exposures are mentioned in terms of early trends but are no_ discussed in de:nil.
The prinmy emphasis is on the long-term, 5- and 10-year data.

Most specimen sets con_ only thee replicates. Th_s meant tha_ data scatxer for a single set of
specimens could and sometimes did overshadow the pa_cular en,,_tal effect being studied.
Figure 35 shows the residual flexure strength of 5_-"08 specimens that were exposed on the solar
face of the Honolulu gnmnd rack and then tested at room temperature. Each data point reprt,_nts
the average of three specimens. No clear trend is evident. Figure 36 shows the same data along

with 11 other ex T_ASAtaresites. These include the nonsolar face of the Honolulu rack, both faces of
ground racks at Dryden and Dalla_ and both exterior and interior specimens from Aloha
and Southwest airlines. A total of 180 specimens arc involved. The plot shows a n_de_t but
steady increase in strength over the exposure period. The figures sho_,n in this report often
combine re_lts from individu,-d specimen _ts in order to display trends more clearly,.

This report often presents typical results rather than supplying a graph for cve_' possible
combination of data. For example, room-temperature residue-flexure strengths for the T300/5209
and the "r'Ml(_34 material systems showed the same results over time as tho_ displayed in figure
36 for T300/5208. The responses of all _ materials are considered .typical.

The report also points out atypical results. The flexural strengths for _ the T303/5208 and the
_34 material systems did not change significantly when tested at 82°C ( 180°_. The elevated
test temperature did not change the overall behavior pattern exhibited by the room-temperatxxte
tests. The "I"300/5209 system did behave differendv. The elevated-temperature residual strengths
for that material system following the same eXl_Xur¢, r:tther than showing a modest strength
increase, showed a modest strength decrease. The rea_n for thi.s is not known, but the 82_C

(180°F) test temperature is a severe test for the 121°C (250%') material system.

Individual data anomalies 8re noted. If known, the reason for the anomalous behavior is noted as

well. One example of this would be long-term specimens that suff'_'ed paint loss and subsequent
UV radiation degradation.
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Mechanical propen), test results are reported as "Residual strength, percent of baseline." Thi:,
means that results for specimens tested at elevated temperatures folloming exposure are compared
wRh the baseline strength at that temperature. Changes in other properties such as stiffness me
reported only when doing so would amplify the results.

_.3 MOISTURE CONTENT OBSERVATIONS

,M_u_ed or derived specimen moisture contents for the flight tnd ground exposure specimens are
shown in table 14. In most cases, these moisture contents were obtained from the dryout
procedure discussed in section 5.5. In some cases, no data were obtained. In a few cases, a
moisturecontentwas derivedfrom individuslspecimen weights takenbeforeand afterexposure

and then corrected for an es_mal_ed moisture corttent at the time of the initial weighing.

The data show the su'on 8 influence of exposure location (i.e., relative humidity). Based on normal
historical weather patterns as shown in figure g, NASA D_'den Flight Research Center located at
Edwards Air Forte Base was expected to be the driest location, and the data co,arm this.

Specime.ns7_ % at this Ioc'alRm achieved moderate equilibrium moisture levels ranging from0.5% to 0. (depending on material) during the first year of exposure. The nominal l-year
3specime_ were removed inFebruary.one of thewettestmonths of the)?.at. The nominal 2- and

-yearspecimens were removed inOctober.followingthe hot,dr)',summer season. The !ov,er

moisture contents in these specimens reflectthis The 5-year specimens were removed in
December and reflectthe higherhumidity agsin. Weather at'thetime of or immediately before

specimen withdrawal 5ignificandy affected specimen moisture content.

The historic.a]data show thatDallas maintains a reasonably constant relativehumidity of

approximately 65% The average monthly temperature varies substantially, but the relative
humidity changes very little. The Dallas specimens plateau at somewhat higher moisture contents
than their Dwden count--s, This is particularly n-t:e for the two 177cC (35OCF) cure materia',
systems. Moi_ure content levels for these two systems were fairly consistent in the 0.9._ to 1.C_'_:
range for most of the lO-year exposure duration. The 'I"300/5209 s_'stem absorbed less moisture
and averaged about 0.62_tforthe I0 ye&rs.

The moisture content of specimens deployed oct Southwest Airlines aircraft reached a plateau at
slightly lo_,,er levels, but these specimens other_'ise behaved very much like their ground-_sed
coun:erp_s in Dallas. This is predictable, considering the amount of rime a commercial airplane
spends on the ground. Flight records show that airplanes car_'ing 10-year specimer.s for
Southwest Airlines were on the ground 62ct of that time. This is a nom_al rate of use for a 737
aircraft.

Although Hawaii is genera!!y "Ju_ght to have a tropical or subtropical climate, the average relative
humidity in Honolulu is just s_!hfly higher than that of Dallas. In fact. some months in Honolulu
are drier than some months in Dallas. Table 14 shows that the t_,o i'77°C (3._PF) cure material
systems do plateau at slighdv higher moisture contents than the specimens exlx,sed in Dallas.
Moisture levels in the _/'5209 material rose from the previously stated 0.62% in [)alias to
approximately 0.72% inHonolulu.

Unlike specimens carried by Southwest Airlines and :heir ground-based coun:eq_ans in Dallas.
specimens exposed on Aloha tit,craft generall.v sho_,_,ed moisture contents equal to-or, in some
cases, higher than--those coming from the Honolulu ground rack. Differences _,ere small.
however.
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Wellington, New Zealand, offered the wettest avenge climate of thc four ground rack sites. The
monthly avenge relative humidity ranges from 70% to 80%. The data show that the two 177°C
(350°F) cure material systems did absorb slightly more moisture in Wellington than they did in
Honolulu. Moism_ levels for the 5209 system were actually stightly lower than those observed in
Hawaii.

Mobture contents in the specimens coming from Air Nev_ Zealand aLrcraft were slightly lo_er than
those observed on the Wellingl_ ground.rack specimens.

9.4 EFFECT OF TEST SPECIMEN CONFIGURATION

9.4.1 SHORT-BEAM SHEAR STRENGTH

Figure 37 shows the behavior of all three materials at all exposure _tes when they were tested for
residual short-beam shear strength at room temperature. The graph represents more than 750
specimens. These su-enl_hs wee observed to drop for the first 2 )'ears and then begin returning to
100% of baseline. Af_ 5 years, _e typical remdual suength was just below 100_ of ba_line
and. after 10 )_ars of exposure, the .typical residual was actually slightly higher than 100%.
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The one obviously low point represents specimens taken from the solar face of the Honolulu
und rock. The reason is unknown, but some type of testprocedure error is suspected.
cimens removed from the nonsolarfacecontainedabout the same amount of moisture and

tested at 85.7% of baseline, or about avenge for the group. A review of the data broken out b._
materialdid notshow any effectofmaterialsystem.

The stxength of more than 30 specimens involved in the 10-year withdrawals all ranged from 90_
to 115% of'baseline. These percentages are within the range of normal baseline _aner.

9.4.2 FLEXURE STRENGTH

Figm_ 35 and 36 showed room-_mperamre residual-flexuresu'engthforthe T300/5208 material
s_em gatheredfrom one and from severalexposure s_es. These resultswere consideredeither

typical or tt.vpical, as noted in the text. Strength increased modestly over the entire exposure
dm'a6on. Data for the other two material systems show similar results.

9.4.3 TENSION

Figure 38 shows room temperature residuals for 45-deg tension specimen_ All three materials are
included for exposures to the solar side of the ground racks at Dallas. Honolulu, and NASA
I_'den as well as aircraft specimens from Southwest and Aloha airlines. Like the flexure
specimens tested at room temperature, these specimens s_ere observed to gain su'eng_h afiex I )'ear
of exposure and largely retain that su'engxh increase for the remainder of the exposure duration.
The figure represents more than 200 individual test specimens.

Some individualspecimens showed strengthlos_s after5 and I0 years,but the epoxy roan'ixof
the_ specimens had been ex1_osedtodirectUV radiationbecause'ofsubstantialpa.lntloss.The
low ,,Huesmay be atmbutab:etoUV degradation.
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9.4.4 COMPRESSION

Figure 39 shows room-temperature residual-compression strengths for the T300/5209 material
expo.,_cl to the interiors of Aloha and Southwest aircrah, L'_well as the ground environments at
Honolulu, Dallas, and NASA Dryden. Given the amount of data scatter inherent in the
compresdon tests,itcould be saidthatthe specimens showed no change m su'_ngthforthe first
5 years but then ckopped significantly between 5 and 10 )'ears. The "I'3_)34 material showed
ve_ similar behaviorbut,,_ith less data scatter The T300/5208 material differed slightly in that it
exhibited st_enlph losses after 1 year and, with the exception of the Southwest aircraft, showed
some strength 1o_ for the entire 10 )_ltrs. After 10 years, the obset_.ed losses were almost
identicalto those exhibited by the T30_5209 material.

data should be treated with some caution. Throughout the program, there were recurring
incidents of _p-tab failure with these specimens. Obvious tab failures are not included in the data
shown in figure 39. Howev_, it is possible that some graphite failures were precipitated by
flipping grip tabs.

9.5 EFFECT OF TEST TEMPERATURE

The resuhs discussed in section 9.4 were all based on room-temperature residual-strength testing
All datasets contained residual-suength te.,,u at 82©C (180©F) as weU. Elevated-temperature tests
were initially assumed to be mete discriminating for some environmental effects. This proved to
be so in some but certainly not all cases.
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9.S. 1 SHORT.BI_AM SHEAR

Short.beam sheartestsdid show a slight effect of test temperature, In genera/, specimens tesm:lat
elevated temperature retained slightly less of their baseline temperature than did those tested at
room temperature. The overall shape of the curve covering • given exposure and material for the
lO-.vear timeframe did not change, however. Figure 40 shows • typical comparison for the
T300/5208 material _ting the data from 12 exposure sites.

9.$.2 FLEXURE

Elevated temperatth-e testing did appear to influence residual flexure slrength although each of the
three nmtezial systems displayed a different pat_'n of behavior. The 1'300/5208 material system
seemed least ttrfected by the elevated-temperature testing. Specimens exposed on Aloha aircraft
and the Honolulu ground rack showed g_eater su_ength loss early but came out about equal to their
room-temperature counterparts after 10 years. Specimens exposed on Southwest aircraft and _e

_D_llas ground rack showed no effect and specimens exposed at NASA Dryden actually tested
._gady higher at the elcvamd Icml)crature.

Flexure result,t for the T3(XI/5209 material system _,ere ct)mplctely different. Specimens at all five
of lh¢ sites mentioned tbov¢ displayed earlier strength loss (after I year), and strengths remained
lower for the entire exposm'_ duration. The differences .,'ere most pronounced in Ha_,aii and
_larivcly small al NASA Dryden.
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The T'J(X)/934 ma_.rial system had some characteristics of both of the other materials. Like
T3(X_209, this system showed lower elevated temperature residual strengths after 1 and 2 years
of fSght and ground exposure in Hawaii and Texas. In ',Kldition, the elevat_l Lcmperature resid_h
remained lowerfortheentireI0 years.Diffe_nceswere slight,however.

The T3(X)/9_,system behaved likeT300/5208 attheNASA Dryden site.Elevated-temperature
residualswere actuallyhigherthan_ room-temperaturecounterpartsfollowingI,2, 3,and 5

yearsofexposoze but fellbelow room temperaturevaluesafletI0 yeats.Ag_dn,differenceswere
slight.

9.5.3 TENSION

EJevated-temperalu_ residuai.sn'ength _.sdng of the 45-deg eens/on specimens produced _'ends
somewhat parallel to those found by testing flexure specimens. The results varied, primarily by'
malerild.

Figure41 shows specificdata for the 1300/5209 materialexposed on ground racksat ._ASA
Dryden, Dallas.and Honolulu.
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9,$.4 COMPRESSION

Because of _gated grip-rob faihu_, relatively li_e data were otgained from elevated-tempe_ture
compression testing, Data published in appendix A and appendix B should be treated _lth cauUon.

9.6 EFFECT OF SUSTAINED STRESS DURING EXPOSURE

Industry testing had shown that some polymenc materials (i.e., structural adhesives) showed
environmental degradation when exposed to adverse environments and st_ss, In order

to study thismrs phermn_non, some tension specimens we_ exposcd to a sustained load equal to 20_
of their baseline failure load. Stressed-tension specimens were deployed in Section 48 of the
aircraft for each of the participating airlines and on the nonsoI& side of each of tl_ four ground
ricks, All residual-surength testing of stressed-tension specimens was conducted at the elevated
tempentur_

Figures 42 and 43 show the results of unstressed- and messed-tension specimens respectively for
the T30_5_q_ material system. These results are typical, The presence of the sustained !o',_1
neither altered nor accelerated environmental effects fig any of the rr_t_rials or an) of the exposurr
locations. Results of sn_xsecl versus unstressed specimer, s'were well within norn_,l data scatter,
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9.7 EFFECT OF FLIGHT VERSUS GROUND EXPOSI+'RE

The relative degrading effects of ground exposm'e versus actual flight exposure _ere investigated
using elevatcd-tempc_tm_ shorbbcam shear specimens exposed on the nonsolar side of the
ground racks and in the aircraft interior. These specimen sets were selected to eliminate an],
possibility of introducing extraneous effects because of UV degradation and also to minimize the
chance of'error because of specimen contamination. The elevated-temperature short-bc,m_ shear
data were selected because they offered the best opportunity to examine what was expected to be a
relatively minor effect ff it existed at all.

Comparisons were made for Aloha-Honolulu and Southv, e:,t-Daltas. There _er¢ no discernab:¢

effects because of flight versus ground specimens, Ger.eralh., tte data v, ere almost identical,
Differences, when they did exist, did not consistently identi_' either flight or ground exposure as
being more severe.
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9.8 EFFECT OF SOLAR VERSUS NONSOLAR EXPOSURE

An analysis of the relative degrading effects of solar versus nonsolar exposure showed that there
was no effect as long as the specimens wet_ protected by paint. Two sets of data were reviewed
regarding this effect. Again, the comparisons involvecl elevated-temperature shon-beam shcar
tests. The f_rst comparison involved specimens on the solar and nonsolar faces of individual

ground racks. The x-cond comparison for solar radiation effects involved specimens taken from
the top and bottom of the flap-track fairing tailcones.

Like the flight-groundcomparison,the solar versusnonsolarground-rackcomparison revealed

very. small differences and did not consistently favor one _ce over the other.

The solar versus notuohur flight comparison yielded similar results: however, compari_ns v,_ere
mote _t because of the conditions of the specimens. Long-term solar tailcone specimens
often suffered some loss of paint. This loss is probably due more to the air currents around the
spec/mens and their holding fixtures than to any of the planned program variables.

Figure 44 shows the results of one comparison. The data are for the T3(_5208 material expo_d
on Southwest Airlines. Data for the corresponding aircraft interior specimens are also shown or.
the figure. These resultsare_,'pic.aL

9.9 EFFECT OF INTERIOR VERSUS EXTERIOR AIRCRAFT EXPOSURE

Comparisons were made between elevated-temperatureshort-beam ._e_r specimens exposed on
the interiortad thenonsolarmikone surfaceof Southwe._tAirlinesaxcrafL The resultsshown i_

figuere 44 for the T300/5208 material are LypicaJ of the other materials and the other airlines.
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9.10 EFFECT OF EXPOSURE LOCATION (GEOGRAPHY)

Geosraphy affected residual strength results because it affected moisture content in the specimens.
Moisture content is discussed in section 9.3. Beyond moisture content, there were no obvious
effects because of geography. The annual thermal swings experienced at NASA Dryden and
D',dlas had no effect, nor did the intense solar radiation experienced at Dryden

9.11 EFFECT OF SPECIMEN DRYOUT BEFORE TEST

Drying specimens before test did have a significant effect on residual strength, Figure 45 shows
undrie¢_ and dried elevated-temperature short-beam shear strengths for the T300/5208 material
exposed m Aloha and Southwest Airlines as well as the Honolulu, Dallas, and NASA Dryden
gmmxl racks. The dried _ec_mens are consistently higher them the undried specimens and do no(
vary significandy from 100_ of _ne f_ the enti_ 10 years.

9.12 EFFECT OF MATERIAL

Similmties and behavioral differencesbetween material systems arenotedthroughoutthisreport.

__[y, the two IT?°C (35(:PF)curingsystems(T300/5208 and T."_')0/934)behaved somewhatthan the ¢me 121°C (250°F)system (T300/5209).
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In the drier locations, the T300/5209 system genentlly absorbed less moisture and performed as
well as the other two systems. This was particularly true for room temperature residuals.
Elevated-tem_rature residuals for T3(X_5209 were gener_lv somewhat below the other t_o
systems but stiJ"l at a reasonable level. This pattern changes whe'n the specimens are taken from the
wet_r exposure sites.

Moistu_ contents foe the T3(X}/5209 specimens reu'ic_.d from the _,etter locations _ert usuaJly.
but not always, below those found on the other two systems. Ne,'ertheless, • significant
d/ffe.,_nce shows on elevated..temperature residual s_rengths. The T3(_t5209 system showed a
definite susceptil_lity to moisturecontent when tested atelevated temperature. Table 15 shows a
comparison of elevated-mnperatum short-beam shear strength results along with observed
moisture contents for eight relatively wet exposures in Honolulu and on Aloha au'cnfi. On
average, both of the 177°C (350°F) curing systems al',a,orb more moisture yet retain • higher
percentage of their baseline strength than does the T300/5209, Wben compared with the
T3(X_5208 material, _209 loses almost 17% mote strengt._.

The reason that the T'30(_209 mate_al absorbed less moistmt than the otheT two mamnal systems
is uulmown, particularly since it abscx'bed slightl:, more moisture than the other systems during
controlled labonttory exposures. The _gth sensitivity, particularly at elevated temperatt,rts,
was expected. The lower-temperaturecure produces lesscrosslinkingin the 5209 mamx. In
0dditioo, the SZeC (lgOOF ") test temperature is probably near the wet glass wansition tempe_tur_ for
this material.

In general the "1"300/5208 material system was the most moisture-resistant. :he T._30_ system is
slightly less resisumt, and the T3fXV5209 s) stem _gnificantly less resistan:. (Section 10.3 shou. s
that the T300/5209 system is actually more resistant to UV degradation than the o:her t_o
materials.)

Table 15, In#uenc_ oCMafenal on _e Moishare Cor_ent and
Residual Slmv-_ ot Se _'t, eO ,_e_mens "

Exposes

Aloha A/_es - Solsr
2yrs

Aloha Amines - Solar
10 yrs

Aloha A/finn - Nonso_ar
10 yrs

Honolulu - Solar
2yrs

_tu - Nons_sr !
2 W_

Hon_u - ,_ar

3ym

HIO_I,_ - ,_r
10 ym

14o_u - Ho_olsr

1,C

1,0_

1.23

1.1E

1.20

1.06

2._2

1 9G

1

1,37

S20e
i

AVERAGE
$,K;. Momure Cori_t" '

RS I_

7S.9 .77

94._ 2.C3

92,3 1.77

81,7 .98

809 93

711,8 7S

96.6 .G0

93.7 60

868 I 04

RS

59.4

7'4 S

752

65.6

643

c00

7tg

765

I',1

: 2S

• 34

66

' 36

6_.4

_6 9

84 8

7C.I

63"

-3 2

SS:

70 2 1 C_ 7"_:
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10.0 LABORATORY TEST RESULTS

10.1 EFFECT OF TIME ALONE

Test specimens representing the effects of "time alone" were tested afte: 1, 2. and 3 years of
exposure to room temperatu:e and approximately 25% RH. Both short-l_zm shear and flexure
specimens were involved. Sunmzary results for I, 2, and 3 years of exposure are shown in tables
C-1, C-2, and C-3, respectively.

These tests were influenced unintentionally by specimen moisture content. All specimen groups
lost weight during the first 2 )'ears of exposure. This loss was because of the moisture that had
been absorbed bet_-'en the time d_ g_. >_,L,r,cr.s'_'e__'u.'x:dand theume they were weighed ar_
placed in theix desiccated storage con_ne_

Specimens were observed to regain .some of the weight loss during the third year of exposare:
however, this was at_buted to the de,_ccznt aging, thereby raising the relative humidity in :he jars
slightly,

The influence of time (and ,roChemoisture absorption) on the residual room-temperature short-beam
shear strengths of all three materials is shown in figure 46. Ctxnparable results for elevated-
terrq_erature residuals are sho_m in figurt 47. Flexure data ,-_ shown in figures .I,_ and 49.
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3O
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0.0
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0

3.0

I !

1.0 2.0

Nominal exposure tone. yr

F--=gure46. Room TernoerMureShovf.Bea_;"S_. _,
S_..erCt_F-_io_rwj ,_me_Jone_u,e

0.0
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F_]um 47.

LegenO:
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u 934
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The levels of _ort.bearn shear st_rengthat both room and elevated temperatures remained stea_v
for the enl_ 3 >'ears. Flexure su'engths rema.incd close to their baseline v_dues for the f'z_t 2 _,e,u:_
and then declined at the end of the third year. Stxength declines were approximately the s;unnc"on a
percentage b_s for both room- and elevated.temperature tests. The obscr_'ed losses _u'e believed
[o reflect the data scatter inherent in testing small _..Toups of specimens rather than an.,,
environmental effect. Based on a comparison of head-navel load-deflection curves, no change in,
_ffness was observed with any of these specimens. NeitheT the failure n_x:le nor the apl_arance
of the sptcimens following tesdng changed flora those tested in Wcvious _axs,

Glass transition temperature (Tg) measurements v,ere made only after I ,,car of tix::c-a!one
exposure. Changes from baseline values were within 2_ at this time, _ no _ldi,iona] tests _¢re
conducted for the other exposure durations.
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10.2 EFFECTS OF MOISTURE AND TIME ON _rET SPECIMENS

Moisture-gain data were tracked for at least 130 days of exposure using individual specimen
weighings, Figure50 shows thenormalized weight-changed__t_forspec;.mcnscxFo_cd :c9._%

RH and 49°(2(120¢F),The datarepresentthreeindividualflexurespecimensfrom eachof thethree
m-_.',=_!systems, GencraUy, the data follow predictablemoisture diffusiontrends. The

"I'3(X_5209specimens behaved differentlyfrom both of the 177cC {350_F) curing systems.
Initially,theT300/5209 specimens absorbedmoistureata lowerrate.After121 days of exposure,

however, theyhad absorbedmore moisturethantheothertwo systemsand we,restiUgaining.The
'1"300/520_and '130(I/934spcciracnswere stillpickingup moisturebutatamuch lowerrate.

Normalized weight chants for specimens exposed to 75ff relative humidity arc shown in fig,a:
51. Although the='¢ are no individual specimen anomalies, the entire set of data sho_,cd it dramatic:
dcsorp6on during the middle of the exposure period. An im, esriganoa indicated that either the lid
on the 75% RIB desiccator was not rescalcd properly follo_dng d_e weighing on the 55th clay of
ex,_sur¢,oi"itwas bumped duringotheractivitiesaround thedesiccator.The air-cia:ulatingoven
used to maintain _e49"C (120°F) exposure temperature then rapidly ahered the makeup of the
glycerin-water solution. As the water evaporated, the resultant solution became more biased
towards the glycerin, thus producing a lower RH condition even after the lid _ as corrcc:l) sea',cd
Therefore. the old solution was discarded and replaced As a precaution, the solutions for :he
otherexposuresalsowcrt replacedtomaintaintheassignedmoisturelevels.

1.0

04

02

T ,r- .., j:,:

I

F_ure 5C,. Percenf._ge o! We@ht Chan_e _.Or95% Re_aPve Piur_K1,ty E=IX'.sur@
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Weight change measurements for 60q R}I and 40_ RH are shown m figures 52 and .¢3,
respectively. Both of these sets of specimens r_achcd equilibrium moisture content, and neither
showed any signit_aat ;momalies. The 40% RH measurements show a slight decline after pca.tdn_
at about 5.5 days of exposure. This may be because of a lesser degree of the same problem
experienced with the 75_ specimens.

Table 16 _ov,s [he observed moisrcre content in the specimens at the time of mechanical tcsd)-g
Figure 54 portrays the same data. All three material systems are sho_,n and, with one exception.
the data are rela_vely consistent at humidifies belo,Zv '75q_. The figure also iltustrated a 0%
moisture content for specimens at approximately 25% RI-L indicating that this _'as representati,,e
of the original (dry-drum storage) environment. Finally. the moisture coment at 05";,- (ie.,
condensing humidit)'_ are higher than _, linear exu'apolation of the lower _alues would indicate.

The test phms called for o,_e _t of _pecin._ns to b,: te_ted _,,hen az__luilibrium _eight g:_.in x_:::
achieved. T_o other sets were plam_cd for te_ting follov, ing v_."ious times at equilibrium. Un!:ke
tests conducted on the time alone specimens, these te._t.,_showed significant strength chan_.e._.
Residual strength rcsuh_ as a percentage of baseline strengnhs, are pcesented in table C.4.

Sur_'aar_ results of the spccin_ns exposed to constant rclaw,'e humidity levels of &'_,_ and 95t_ at
49°C (IL_O_'F")for 2 )'ears nominal (2g months actual] are given m t_ble C-5. Table 17 sho_,,,_ d'.e

observed moisture content in these .,,'pe,,:imen_ at the time of mechanical test. Figure_, 55 through
62 show the s_rength retcntio_ data for _he_e specimen_ along _i_h the da_ for specimens exposed
! .SO days.
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Ta_e l&

TYPE OF
SPECIMEN

Short beam shear

Flexure

5208 AVG

Sholt beam shear

Flexure

5209 AVG

St_o_lbeam shear

Flexure

934 AVG

Note:

OOserve_ Percentage ot Mc_sture Content

After Hum_ty Cond_oning _>

40%

0.24

0.28

0.24

030

0.33

0.32

0 25

0 33

0.22
0.27

RELATIVE HUMIDITY

6O%

1.10 I_

0.57

o.sa
0 57

0 50

0.63

0ST
0.57

0.56

O65

0.58

75%
i | i=

0.74

0.81

079
i

0.78

0.92

ILM
0.85

i

0.85

0 95

O.8O

08.7 ....

95%

1.34

1.32

1.44
1.37
i i |1

:L_
1.84

I .59

1 71

1.4S
1.58

ApDaremtyerroneous vakJewas no_used in average cafculatk_n

!_ Never weighed.

I_ 9,5% Relalive humidityspecimens exposed fcr 145 days

75% Relative hum4cMyspecimens exposed for 140 days.

60% Relative humsd;lyspecimenS exposed tot 130 days

40% Relative humK:Styspecimens exposed for 140 days
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T41_ 17. OOs#tv_1 Percentage of Moisture Content
Following28.month ExDosure

Type
of

Specimen

Short _e|m shear

Flexure

5208 AVG

beam shear

Flexutl

5209 AVG

Short beam shear

Flexure

934 AVG

Relative Humidty
i

6O%

1.29

-91

1.10

1.55

1.31

1.22

I 07

95%

1.84

...1.gL.

1 75

2.35

220

217

.._UgL_

1 91

All three material systems show a general decrease in short-beam shear strength with i_n'easing
humidity exposure. As expected, the strength reduction.¢ are nkx'e pronounced at 82_C (180:Fi
than they art at room temperature. Again, the two 177=C (350°R curing systems behaved
similarly, while the 121°(: (250"I:') curing system reacted differently.

Flexure su'engths also changed because of humidity exposure but. as expected, the strength.
reductions were less severe with the more fiber-dominated specimen. At room temperattu"e, some
strengths actually increased.

One notable characteristic of these plots is that the primal.,, strength logg occurred v,ithin the in;tia!
150 days of exposure. Additional t_mt- in a _'et state did not cause s_gnifican', add_tioa._l
deterioration. Howler, a comparison of tables I b and !7 .-eveal.,, that the additional tlt:l¢ did cause
some additional weight gain.

Figures 57 and 58 show additional data points fo." shon-beam _hear d_out specimen residu,d
strengths tested at the elevated temperature. No.,e that the_ strengths return to approximatel._
100% of baseline, suggesting that the observed strength anti commensurate stiffness losse.,
observed on wet specimens are the result of a simple, reversible, plasticizam_ phenomenon and do
not involve a chemical change Io the mamx material.

One could infer from tables 16 and _7 that any or all ot the material s_,stems sho_n could de_,clop
a severe moisture problem; ho_,ever, a 95q- exlx_sure at -:0eC _120eF_ _s considerably nmre _, ere
than real.world conditions. Although the test ma) be useful as an indicator, the absoluzc nt_mber
achieved tray not be realistic. A 75% humidity condition at 40"_C ( 120°F3 is considered to be the
upper end c/real-world envin_ment. Most airplane structures are better represented by the flexure
specimen than by the matrix-dominated shon-beam shear specimen. Finally, note that Boeing
model 737 spoilers using the T300/5209 system have been performing well in actual sen'tee for
over I0 years (ref. 22). The T300/5209 moisture _eight-gain data show a deSmte behav.or
change m the 95% exposure condition v,hen comp,arcd _,i',h the other three humidity levc{_ For
some hurmdities, the "!_.K)0/5209 absorbs the same or possibly even less moisture ",ban the 177_'C
(350'_F) cunng systems.
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10.3 EFFECT OF WEATHEROMETER EXPOSURE

Flexure specimens were subjected to weatheromete,,r exposure for times up to 2 years. All three
material systems we_ tes_l at 82°C (180_F) following nominal exposure duratior_s of 6 monks. 1
ye,ar, and2 years. In addition, the _st mamx included room-temperature residual.strength testing
for the T300/$208 material. In all cases, both painted and unpainted specimens were included.

During exposure, one _8_,up of specimens was tracked for weight changes through approximately
I year or almost 7,000 c) des. Figure 63 shows the average results for unpainted specimens, and
figure 64 shows comparable data for the painted specimens. In the case of the unpainted
specimens, the two 177°C (351YF) curt materials, T'300/5208 and T300/934, behaved similarly,
losing weight from the outset of exposure. The 121GC (250°F) cure T'300/5209 system increased
slightly in _ight before losing wcighL Although the paRcurts for all three materials are samilar, the
T300/5209 system loses less weight throughout the tracking period. The exact reason for this
difference is unknown; however, both of the 177c_ (350°F ")cure materials u_ MY 720 as thetr
ba_ resin. This material has been shown to be particularly susceptible to UV degradation. The
"1"300/5209 system does not use MY 720 as a base.

J2

_z

6

-0.2

-0.4

-06

-0.8

-1.0

-1.2

-14

- 1.fi

-10

-._.0

I ,\\,\

X ½
11

x-x,

\

\.

N

\ ,_2¢'J

\\. \

-%

l?+_tl;l'+tt ,)tr(tlP ' C'¢C ¢+

F'_;,'re 63 /+etgh_ of L;nf_,_.'_;e,f I$e._t':.e,ome:e; S.c_c..'_.,,_'s

79



.t
_e.
:j

i;

C3

-0.2

-0 ,:

-0.1_

-C.8

-I.C,

-12

-I 4

-I.6

-1.8

L.,;

4., , .: V

..... ,| . - .

Figure 64. it'erghts of P.i.n:e_", .: e2:," e..o._,-,e_r __cF: .":e"3

?O>T

"['halarge weight losses ul_,mately displayed by thc unpainted _,¢atherometer specln_cns arc cau,,ed
by sm'face-matrix erosion, as shown in figure 65. The magnified v_ew of the surfaces exposed to
UV rlKiiation shows the expo.%,d graphite fibers on :he right and the integrated ix:e:-ply Icxtur¢ on
the left. The integrated portkm was protected from direct UV radiation by the specimen-holding
fixture.

A comptri_n of figures 63 and 64 demonstrates the ability of the paint schcmc to protect the
p.hit¢- .epox.y iami_nat¢ from UV degradation and erosion. Large weight dccrca,es did not _.x'car
tn¢ painted specimens until 2,000 _,¢atherometer c._cles had been completed At this Ix)lilt, the

paint system kself began to break down. Even a,qer 2,000 cycles, ",heweight-loss rate was slo_er
than that of the unpainted specimens. Although the paint began cracking and blistering, it stil',
afforded some prmcction to the lamimte.
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As expected,thepair_edspecimen weight-lossrateshad no appreciabledifferencesv,'ithrespect:o

material .type, The amo_mt of weight lost by the painted specimens can be ttmbutcd to the chalking
and erosion of the paint. Differences that do exist probably reflect different '.evels of molstu.-e
absorption in the _ material s_tems.

Residualstrengthand Tg testresultsfortheseflexurespecimens ate summarized tn tablesC-6.

C-7, and C-8. Figures 66 and 67 depicttheseresult_for unpainted ana painted specimens

re_ectively.The resultslargelyparalleltheweight-losscurves Relativelylittlelossof strength
was observed during the f'u'st year for any of the specimen sets. All sets showed sn'cngth :o_x
between I and 2 years.At the end of 2 years, the T300/5209 rna:erial_'stem shows no lossof
strengthfortheunpaintedor thepaintedspecimens. Both of theothermaterialsthatuse the MY

720 resinasa baseshow that so_ngth declinesregardless of pLint.

The Tg n',,sultswere notconclusive.Alltl',reesystemsshowed a lo.¢,sof Tg between 6 m_)n',hsaf_d

1 year, but all three also showed increases between I and 2 years.
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I0.4 EF_CT OF $1ML'LATED GROU,_D-AIR-GROI.ND CYCLES

5hc_-beam _.Jr. flexwe, azld pwnted uumzum spec_n',e_swere _ut_._tc'd to 3.--'%_GAG c.w:lcs _!1
IIWeL'4_ enviJroem_nud chamber..All duct matensl _ystems sho_.cd dcf'mite _,ei_ht gzms a._
i$$ustr_e_l_n fiSuaes68, 69. and 90 As _,.iths_ez'_ c_heTexposures,the T.._00.,'520_sys_cn_
_sortx:dthe_ moLaR and d_¢"I"300,'3209system absorbed _e lea_.

AJ] L_ i_11_'_! $.v_,I_'_$$'d_t_dwti_L I_aCt1¢'_a plazcau, then resumed _e wcight-ga:n prcx-cs._.

Thzs led to _ ¢oflecm chat • freeze-thaw damac¢ m_chani,_m v,as _'aduaIly cr_k_ng Ih¢
spe_. _vend pho_om_hs w_nr tatkenof th_rsespecimens tolook fr_rpossiblecracks,

r_ _kin| or microcnlc_n$ was vis_Ne
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Residu_l-sazngth tests were conducted tfta the 3._--_0 GAG o,cles. Summar_ rr,ult_ are .,.ho,_ .-.

i_. table C-9. Testing at 82aC (180.=1:) generatty produced a_ atct strength "io_ than "estint a:
room tc_tur_ with one eXC, lmOn- the flexure strcn_e,h of T."_'lflt_320g. The rrr_',.a'cd mot._tutr
cont_ts Of"tht_ spccirmms rang_ from 0.7'3 to ! 0_. Mos_ of the (_sc_.ed ,_ength losses can
be atmbmed tothepresenceof this Mnctunt o4"morse tort.

Paint film specimens showed little weight change and dtd m)t display any _:r_ckinl] bccaus_ of the
GAG cycles. Although the slx_cinxns insolscd in this tc,,t plan _er¢ anpsmtctt, tb_ abthty of the
paint film to protect the la.minates after lrreeze-tha_ •cycle_ ,such as _¢-w,e experienced b._'_e long.
tmn fii_t sptci_ns_ was verified.
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ll/J CORRELATION OF LONG-TERM AND LABORATORY RESULTS

In general, it was possible to correlate, at least qualitatively, the results obtained from the
laboratory tests with the results obtained from the long-term real w_ld exposures. In some cases,
this meant that no effect was seen in either locatk_. Specifically--

Controlled laboratory exposure to 60_ relattve hun_cSty reasona01y predicted real-wor:a
exposure specimen sin. ngths for nxgn- and elevated-temlgrature flexure residuals. This was
true for tn three matemh excx,p¢ T300/5208. When "r300/5208 was tested for flexure strer, r.h
at the elevated tengamaure, the oontmlled tab exposurepredicted • small strenglh decline whi:c
t,_ Ioo$-bcri'n d,tt,t showed a _ strength _. Six months of the controlled laboratory

was usually mtTtcknt to make the prediction.

• Long-tena slggt-beam shear specing.-ts displayed • curious residual-strength pattern: they lost
strength for the first 3 years of exposure, then "showed less degradation after 5 years, and were
normally at or near their baseline levers after 10 years. The same 60% relative humidity
laboratory exposure described above would have predicted the strength drops that were
exhibited by the iong-te_n sly-linens early in their exposure Mstcwy. it is not known whethe:
they would have predicted the recovery had the lab exposure duration gone be) ond 2 years.

• Neither natural nor laboratory-induced ulu'aviolet radiation prc_uced degradation _hen
specimens,,_ _ by]_nt

• Latxratocy simulation of the fttezc-tha_ cyck experienced by aircraft dmang normal opera:ion
indicated that this exposure would not be a problem. Long-tenm tcsLs confil'nlcd this.

• Test specimen configurations or condit-ons that we."e _.-ntical t\',llo'_'ing long-term extx',:t:re
were also critical fi_ilowing ;g'celerated laboratc_. expos_a'c.
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12.0 CONCLUSIONS

This program yielded two general areas of conclusions. The first area concerns the relative
response of the _ advanced composite material systems involved in this conu'act and the_,r
ability to function _u_,ssfully in the _ial aircm.q operating en_o_nrncnt. The second area
concerns how and where to test for environmental durability as well as the abiliq, to predict long-

dmmbillq, t_rom shcex._'m accetera_ _sts.

While a large m'aount of dam an= involved in this contract, a considc_ble amount of data scatter is
present as weU. The scatter was more evident during residual-surcngth tests conducted at the

eleval_d t_. The dam scarier experienced on this program was partially the resuh of too
few Rplica_ specmnens for each _st condition and partially inherent in the process of testing
specimens afro uno_colled and widely varyi."ng environmental exposu_. Combining data from
several spodm_ sets Rvcaled behavior pau_'ns mm_ clearly.

The _o l'r/'c 050°F) material systems 0"300/3208 and T.1(_34) were more environmentally'
stable than the one 121°C O.50°_ material system (T300/5.'_J). The differences were _-_ost
noticea_ wi_ ¢leva_-tempermure re_duad-su_ngth lests.

The data showed that composite materials can be designed for successful applications to
commercial ab-craft sn'ucmres. Crossplied tension and fiexuR strengths actually increased
following n_al-time ground and flight exposure. Shoot-beam shear and compression propc_ie_
were reduced following expczm'e, but it is indu,my practice _o account for these reductions.

Room-temperature flexure and crossplied tension strengths for all three rrm_'ials showed some
inc_as¢ af_ I year and then remained a_ove I00%. of baseline su'en[nh for the duration of the lO-
year exposure. At elevated tempe_ture, these re_lts were mixed. T."_/5.-"09 flexm'c and
crossplied tension su_ngths were down slightly, as was the T300_3.4 flexure s_rength. B_h ot
the_¢ properties remained over their baseline s.'rengths for the T30(_'5208 .,,ystem "rh¢ T300/93._
ten_,ion strength was up as well. In all cases, the._ differences, up or down. were relatxvely srna_l.

Room-lcmperarun_ corn_,,_e s_nsths were norn_dly down. Ix_t the amoun_ -_nd txnung vane_
by male_rial. At the end of 10 years, all three materials were down apFt'oximately _1,_. Elev_te_
temperature re,dual compression su'¢ngth tests v, ere plagued by n_pea_ed grip-tab faiiure_.
Remaining data showed strength dmpoff pat,¢rns similar to thos_ obtained with :he room-
lempe=_ute les_. although thek_g-ter_ sa'ength dropoffs were more s_vere There was s_w_
indication that the strer.gth losses were cau_-d more b), lest methodology than by rnatena _,
d¢_¢rkeation.

Tbc sho_-beam she_ spectmens d:spla.ved a peculiar patte.,'n of re.,,',du_-s_rrngth t_¢hax ior f_w tx,:t:
room-temperature and elevated-temperature _e_ts on a_l three matertal s)'st_ms, ln,,ar;abh.
sffengths showed • definite drop during ycar_ 1. 2. and 3. and then b_gan _o_ing te_s
degradation until they _,ere at or near their baseline le_ch, after 10 .vcar_. l'h¢ rra_,n for th_,
pmer_ _s unknowr,.

Shod-term labc_t0¢y exposur_ can he useful in pnedieting the r_lati,,e durabdst), of Ce_r_itc
materials. [lowers. until behavior patterr.s such as the one d_splayed b)' the _hon-beam shear
sp¢cim_s are bett_ understood, real-time, real-wo¢ld exposure on ground ra_;k_,_sr_'c,n'.mer.ded
in addition m any controlled laboratory testing. Al,,o. test plans for contn_lted lab_ra:<,r_
exposm'es should include _st specirnen._ for extcmkd ex_x)sur_ dura_ion._
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Ground-rock exposure appears to be the most economical and convenient way to obtain long-term
exposure data. Testing on commercial aircraft is considerably mo_ expensive and much more
limiting in _ms of the _ envelope available for specimens. These factors, in turn, consu'ain
the choice of test sp_nmen geometry and sample size. Ground racks have none of these
limitations. Mo6t imlxxtant, the results of this program showed that nothing was learned from
exposing specimens on the aL'craft that could not be kamed from 8_ound-rack exposure.

Sevend f_t_3 should influence exposure site selection Foe moisture exposure, • s/re with high
and relatively ¢muoJ_ relative humidity such as Hcmoaulu or Wellington is most desirable. For
lon|-m'm tcs_N_, smb/ent w_>_'81ure at the site does not appear 1o De an issue. Sites such as
NASA _ that ¢_rimce • wide nmp of rela6ve humidity arc less weferable for humkhxy
srad/es but would definilnly be of value to _ resism_ W UV radiation. Site selection should
also iavolve oemidmuioa of the al_ty m mmi_or md retrieve specimens.

The results of dais prop'am indicated link or no difference in su_l_ between specimens exposed
on the solm"and noasohtr faces of the rack as long as the Wmective paint coaling remained on the
specimen. 'Fibs wQukJ elim/nate the duplicate testing pedt'u_ed on thi_ conu'act Based on testing
of the three materials involved in this _m, stressing specimcn._ during exposure is not

The exposure of text panels, rather than test speclrnens, on the racks would greatly simplify
depot and pennia me_ _ flexibility" following exposure

Test plans should include sufficient material to perm;t a minimum of I0 _piicate baseline
specimens and f'n_e_'i_icate posw.xposu_ residual-sl_-ngth specimens.

Another gcomI_nd•lion is to cglr)' _Dt¢_-ncns Of panels in the matrix _ho_¢ sole function is to
measure the weight gain or loss used to d_ermine moisture ,._w_tent. These c<mpons could be slz_
m prm'idc a more _ and simplified raeans of c_a.inL_$ the_ data.

Finally, the Celanese compr_s_n specimen and fixture are no( rtvomrnended because of repeated
grip-lab failm'_s. Some work s._'_ould be done to develop a compr_.,,sion _,pc,'irnen that can
paimed and yet Ixovid¢ reliable residual-sn'en_h data
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TabdeB._. Sunv_ry of Resu_'--Hono/u/u. Non_,inal lO-yo_r S_ci_ens "

i i i i

Roomtemperaturer_Oum;
m,g=h data
Loercemageel bas_nel""

i

Berated m,l=en,M,
m=iduad_',,_h d=.=
¢pe,_e,taoe o4bae_nel""

w_t _ d=a

Pw_ los= -

wt_ to= du_n9

S(:)e_menco_f,ou."at.on

SBS
FI4xu_a

± 45degreetone,on

SSS
Flexure

± 45degree_s_n
S8$

SBS
Flex_e

± 45 de_ee tsn_o_

ses dryo_

52O8

104.8
113.5
1053

96.6
12_.I
122.3
1075

eeee

°eel

eeee

2.17

Material system

5209

985
107.0
98.6

i |

78.8
86.5
939

1061

eete

oeee

°eee

61

934

97.8
120.0
93.2

88.0
982
93.9

100.7

°eel

.66

No_olw Face

Pm_ecy

Room tee_perakJre m_Oual
=re.g=. data
(pec=ecta0eM base, he) ""

Elevated temperat_re
...du_ mrer_h data
(_eroe_e o_t_se_ne)""

We_i_ charge data

We_t to= _r_ aryout

Speomen c_tSgurat_;n

SBS
Flex_e

Co r_:xess_on

SeS

Co,'vxxes_,,_on
_t_'OSZ,-edt_:nsk_n

SSS _'yo_t

SgS
Fiex_;re

_esse_ tens.,_n

S_S _ryou_

52O8
we

90.8
115.0

787

93.7
1!5.1

24.8 ?
104.4
99.0

ee°e

eege

elel

2.00

M_ter.al sys'e_

5_9

97 O

'78 8

,"65
88_
61 7

11C 1

111.0

eel°

et,!

eeQ=

934

:c; 5

.'74.1

851
9;. 7
3_87
895
99.8

eeee

eta!

Qte_

.6C 1.3E

Notes:

• "Thole el_ocimen8 expoee<J k_ 4.002 days.

• i Ret_k_alW_c_gthdata basedc_ IN_e';ne te._.sat the res;'ec'_ve,,er',Oe_a.ures
.... I_t ev_dat_e

T G_p t_b=Ii=I_89o,
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of Fl, Sulf_--Wel/_f_gfOn. New Ze&l_. No_inof 1-j_ar Specimens "

Properly
i Ill

Room tem4per_'_ re_dual
seength dam

Elevated Ismpm'mlum
rNidual mngQh date

(perce_m_ o! bae_ine) • •

Wo_g0_tcha_gQ data

pt,_o k). -

w,,_t Io,1dunng

Sl_Icln'_mc_nf,ouriltiOn

SBS
F_Te

± 45 degree te_

SGS
F_xure

,45 degree ten_c_
SSS dryout

SBS
Flon,we

+ 4.5 cl_r_ tonmo_

$BS dryo_" ""

5208

942
I02.8
1;2,2

81J_
101,6
118,7

ge.8

.65

_S8
.64

1.00

Martial system

5209

87.9
100.7
118.5

67 0

78,2
881

_009

.39

.38

.39

.50

934

90.8
104.7
118.4

74.6

91.1
109,5

99.3

.Sl

.56

.4g

.87

Non_maar Face

eropeny

Room to_alilJre re_kJel
Wenglh dala
(l:4_mage ol be_4i_) • •

i

(P4m:entaoe of ba_e_inel • *

i

We_ht c_ang_ data

I:_c,.e_e loss --

z

W_ht less ¢lunng dr_t
H

e,e

t

Sl:)ecimen conf_g urat_on

SBS
Flexure

Corrl_es,_on

SBS
Flexure

Str_cl tens on

SBS (k'yout

$8S
I::texure

•Tmweeed tenuon

SES d_o_t """

52O8

86.6
106.2

94.£

88,1
9_.8
73.0 t

12_4
I04,2

.6O

.61

.57

.92

k_aterial system

52O9

87 0
989
g9.1

699
78.9
87.1
87 0

976

.43

.40

.42

934

8? 8
93.8

100.4

/"3.4

P25
85.6

105.7

97.3

.67

.56

.6;

.84

Thame epoon',on_ o_ for ,508 c_ 9_.

RNk:lual mr,_h data bind on ba_r_ _ at :he roN:_l_ve lerr'pwrs_'_ros

oven _ea! to 177"C (350"1:1, 2 clays.

(_ p tab _:l:)paGo.
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Tl£)le B-7 Su_n_ary o4Resc_lts--Wefhr,gton. New Zea,ar, d Nom_r.at 2yea" S;',ec',_s "

Solar Face

Property

Roomterr_41clture r_adul¢
_rongth data

i

Bevmd toni>war, re
rUdual _m_h data
t_wntlgl of bl_ab_) • •

W,

Wwght chat_ data
I_rc_m gW .

w,_z k_ du,_g_ryo_t

Nonsoi_ Face
H i

ProDe_y

SO_:l_n confQu'a:_r_

SSS
[rlexje

± 45 ck_ree te_-_,on

SSS
Rexum

= 45 _ tor_o_
SBS _yo_t

i i i

SBS
Flexure

5208

82.6
1022
1_6S

84%.0
100.9
129.,"
"01 0

.8O

Ma1_al system

5209

941
I_04
1259

?09
83.5
864
963

43
SO

.61

934

86 7
IC,8_
1228

724
87 7

1"10
89 4

64

_ 33

Specmen COn'igur_'._r
Ma,'or n: sy_:e"_

SmO 52C9 934

Room temC,orltt_l res_du,ll

(percw.'_tage_ b4mw_bine)" •

E_evMedte_re
m_d_a! _S'engthdata
tl_x:e_.Z_e o_t_m_n_) •"

Weight chmn_ dala
Pwcint_ gln .
Percentage b_, --

S_S
Fh)zura
Compress.m_

Flexure

StYess.d :_necn
SSS _,yout

S_S
Fie=ure
St_as.slidt_nsK_n

885
1070
92 2

1co 3
948
4C5

12: I
_055

_3
76
60

WekghtIoea cluming_ SI3SC'you! ". , 0

888
IC7 S
IC_Be

96 3

97 6

92 6 6._ 3
?93 ;4,:

_67 999

53 86
5C :'
s_ 6c

I ,,,,16 I _27

• These mecimens axpos_ for 786 da;.s

•" Res;x:lude_llng'_tldata t)m_IdOnI_1£,_,_. lea al '_e reNNK_ve len"rera_es
1' C_Dtab t_u_e.
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T&blQ B-8. Summary of Resulls--We/tw1_ton, New Ze_llar_/. Noenin&l 3-year ,_oecimen$ "

Face

Progeny

_l)eca_re rosk_ual
errm;th data
(perce_ ofbeseine)""

E)evslld temperature
re_cbd mngeh data

W_ ¢hm;e data
Pemoneago gain
Pe_n_go los= --

i

Specimencontguration

i

SBS
Flexure

± 45_,'_eter,s,oe

SBS
Flexure

_:45 Oe_,'eetens;on

SBS_try_

SBS
Fle_r_
, dr5de_e_ 'e_':n

52O8
i

863

105.0
109.3

80.&
I03_
;0_0t

923

eeoe

70
39

89

14&a,*e_ia_system

5209

881

99,8
121.8

67 7
89 6
864 tt

948

i

.49

,42

934

93.3
106.5

_158

,"37
950

1153
890

.74

.G1

.29

.7"7 .99

Nons_ar Face

Progeny

Room terrq:_at_re res,_lujd
strength data

of base;ine) "•

Elevlltd t en_lra,_l_

remdual _gl_h data
(p_c_rxu=geo1t_s_ne) • •

We_t cheryl dHa

Percentage gain .
Pmn(ege loss --

We_gMIoem_nng ¢Iryout

_;_m_n COnf=gu_,hon

SBS
Ftex_re

Compres_On

Flex_ro

Comprest.on
S',:es_ ter_._on

SBS_rwut

SBS
Flex'Jre
S '..ess_l ter,_.on

SBSdryer

5208

94,0
105.4

86.5

82.4
_,1
73 0_1

129.4

e_,e

.70

.39

1.11

Notes:

• These speomens exposed _¢_ I, 163 0ays

" " R_Jdl.laJ st_r'_h (_t'l t:N0Sedon _$e/^4 lesls ,q' t_e tesp_.t ve ter'pe,_h, re$
.... Not avs_able.

t Average o4 r,M:)test v_ues.

11' Tested atroom tomp_al_re.

tit Gnp lib sl_oage

Matenal system

5209

87 1
IC4 7

1C32

692
835
76 IS
81 4

S39

.49

.43
,42

.62

91.8
IC7,6

93.4

L,

736

-316
696 lt"

_'89

96.2

74
.£I

.29

I'.0

i16



Table 8-9. Summary of F_esu1,*_--Weli_gt_n. New Zea,a_c/ Nor_nal 5.ye3r Spec.mens "

Solar Face

Pr_e,ty
ii

Roomtompernturoto,dual
=_xlth data
(peecont_ of _ne) ""

Elewut_l tompernturo
fe_al ne_ data
(poments_e _ l=_ol;_e) • •

We_t cMnge data

P,tce_mp k===--

Wo_ Io=sdu_X_ dryout

S_oecin'enco_f_Jrs:0on

i

SBS

45 ¢k_reo _='_on

$8S
Flex_e
± 45 Oegreetenon
SSS ¢_o_t

$8S
F'_xu_l

= 4.5_e _n

SeS drw_

MWen&l SyStem
=,

5208 5209 934

M.7 8S 8 861
105.5 ,O3.7 103 8
1C6.8 118.4 77.7

91,7

110,4

IOG2
100.2

123

709
90,1
92.5

1_J2.7

,8_

72g
__.2..8
110.6
594

123

No_a_ Foce

Pro_e_

Room tomf.._e_att._roml_dual
_ret_h data
(pomertage o( base, he) ° •
t t st

E_evmtedto_t_re
r=sk:lu__ength ¢l_a
(percer_ of t;_l.s_ne)""

Weg_t ¢h=u_g_det-
Pe_c_ts_e gan .

Weg_t k=_ clu_r_ cr_ut

S(:_c "Pe*_conhgura:K:n

SBS
l:lexure
C_ me* ess_on

l;:taxL.f e

C_m_'ess o_

_zOSS_ ter._n

S=:_,,.__ry_ t

Fiexure
St_o_ecl len._cn

S_S cryo_!

5208

_.g
'_063
02.9

81.9
I¢5.5
706

1141
_ee_

I ._6

MaWr al sys:e_

1¢3.6
_3,".2

85 o
82.7

eeee

934

o oeo

"C3.S
lC6.6

87._
87 9

tee •

Notl_:

• These ll_Omen5 ezpo14K__r 1,8_2 dc_,s.

• " _Otii_l_ l_'Ol'_h _Jlll t_41f4K_on btse i'_e ',ests at :,"e _es.pe_,,,e teg'r'_.etstbt@._

.... P_A .Byadl_o.
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_ltt Face

TatY,e B-10. Summary of Resu/_Da,as. Norq_3,l 1,year Spec'rn.e_ "

Property

Room te_lture rl_dua4
¢.mge_deza
[perce_ o_ba_ine) • •

im z i z i

Elevated t_lo_ature
,Jrw_ data

w_ch.nmm

pe.:,.vage k.= -

Specimen conflgurabon

SBS
Fie_ule

= 45 degree tempo.

$8S

58S OrSc_
i |m

_s
Flexure

45 degree_e_on

5208
l

80.7
109,3
1138

73.6
112.2
1200
94.2

,49
.41
.33

.87

Mat'c"nalsystem

5209

85.6
110.2
1119

71.8
85,9
79.4
95.9

.36

.05

.28

.52

934

80.5
133.8
13.5

723
94.3

it9.3
86,3

S,
.41

.34

87

Nor,.,tolw Face

eer

Room teml_rllurl rls_l_il

{pe_'emageolIN_ir_) ••

Eleva_l te,r,c_e_mu_
r_,dual sl='eng_hdata
Loeme_ of ba_ine) • •

Pe,cerUge ga_ •
p.._.,age_e, -

WeigN _s _ng dryo_

SIL'¢:=c;men co_F_ur3ticn

| ,|

S_S
I:lex,.re

C_e_on

$8S
Fiex--re
Com_e_on
SUe._._edten=on

SBS _,you_

=| ,

$8S
FtexJre

Slzez=ed tensAo_

=__

$8S :l_yoJt

52C8

88.1
t 12.2
8_.I

:'9.8
111.5
70.5

_22.3
_01.4

MatenaJ sys:e_

5209 934
J,

_.01.9 136O
1CI 2 976

721 69 2
88.8 _,5S
89.4 _2,0
989 _:5.S
96.4 89 5

50 32
,40 .15
37 38

.92 55

.33
37

.81

Notel:

• Thelo II_,e¢icnens expoM_,_l _ 424 clays.

• " Rql_KIual ltrOnglh d¢. based on base ;re les's al the 'esoec_vo "e,_atu,es.

11_



Table B, 11. Summary of R_,_, ?P-Oatlas. Nc_,tnal _year Specim_cs *

Solar Face

Prop_. ,v

i

¢_..:_mtempecat, Jre rewo_al
_nglh Gets
Lo_'cercage el _ee) ""

E_d temperature
rezi¢_ _ dat=
(pe.'_rage o_ Ilxls_ne) " °

Soec_men configz, ration

SBS
FlozL,ro

:1:45 degroo tension

$8S
Flexure

:I:45 d_9'ee tension

i,

5208

91 =5
111.0

110.0

I09.6

Ma,'er_al System

5209 934

9O¢ 91.3
I06.4 103.1

11C9 1167

,';'2.9 8O2

83.8 1 C'O.4
83.1 116.3

Wt,ght change dala

Perce_t=_e Io_ -

Weight _ d_ring dq_t

S8S _t

SSS
Fie=_=

:1:45 deg'le tensmn

99.8

.49

.35

.3_

92,4

,C3
.22

93.4

.53

.36
2e

$8S _t_¢ut .9_ .65 .97

NonlwWar Face

P,'ope."/

Room texture res_o_al

s_,r_ data

LoercenCagQ ot bas_ne)" •

Elevated temp.mzlute

(percenta_ olbu_) • •

We_pt c_nge _;a

PlNcentage _Ibn +
P_wcentage lois --

S_,cc:,tree,cC_n:=g_,"2!on

SBS
F_exu'e

Comer es,_on

SSS
FlexJe

S_'eSSed ler_o '1

S-=KSd"F>ut

SBS

Flexure
$t_,ssed te'_-Jon

52O8

94.1

107.8

90.0

82.7
103.0

34.8
130.7
97.8

58

.47
23

Mate_lu system

52O9

90.1
1 31,7
1082

SSS c'youl

Nolet:

• T'hele q:pe¢ me_= e x.;_osed for 816 ,,_ y.s.

• " RezcJu_d I=t_'_g_ ¢hlta bLI4KI o_ base( ne tests at t'_e rescec_e te'_'_oe'atu,_.

t C_p tab d:pp4_.

9_

6a6

78.5
76.0
85.5
;14.8

.58

.30

._,8

m,

,73

934

88.8
99.3
9E .8

;"3.C
9_.7
7£.4,

8_ 8

.61

.48

C2

119



TalY,e B- 12. Summa_/ ot Results,--Oalla$. Nominal 3-ye_" Soec_me_s "

Sollt Face
i

I

Prooerty

Room tempe_alu_
s,_ d_ta
(p_c_a_ ot_)" •

i

E;_v_JodtU_l_ra_

m_uJ _n_h da_a

W_ _ dm
Pmntage gWn .
Percemege _ -

w_ _m _ _,

S_eomen configuration

$85
I_ex_e

_:45 degree termon

SBS
Flexure

45 c_Gree_r_n

SBS

_s

_8
i| i

95.7
1072
113.1

843
113.B
123,2
99.9

28
,34
.lg

,94

'datenal SyS_

5209

91 .S
_CI.7
I¢6.t

_.8
87.0
88.0
946

,22
.23
.13

.58

934

M.1
101.7
1'6.4

74.6

gl I
118.1

95.3

.36

.13
,16

Normolir Face

Proceny

Room _r_m)rl_-e resa:_J
¢tengm data

Elevated teml_a_n
reedual s_Irer_glhdata
(percer_lge of t)as_ine) " "

Percenu_ glm ,,
Percenlage Io_ -

Speo men confK3ufat_on

$8S
Fkl_,fe
Ccrr _re_..._Or,

F_e_u_e

S_esse_ ll",_on
SOS d_c,u_

$8S
FlexJre
Sltesseclten.on

SBS clryo_

5208

93,8
108.7
97.6

77.6
1099
512

118,8
I_5.1

45
,3"i
.20

1,17

Ma_er_' system

52O9

92O
132 o
"0_5

67.2
87 7

1 70.3
g', 6
g57

.02

.C5

.',8

,$7

934

84.1

g_ 7

74 ."
92.7
S9¢

1144

75 0

54
22
,g

Notes:

" ThemeIN=e_mensex_oM(:l f_ 1.144 days

• " Ree_dualelrer_th data bas4_ on t_ase',inetas:s at t'_e res.._c:ve :e_rifjre$

t C_© tab _q_l_ge.

I ._()



Table 8. t 3. Summary o_ Res,_--Dallas, Nominal 5-year ,.Specimens "

SolarFace

PmDerty
i

Room t_Cwa,'um _sicIJcl
dm

E_d temperature
reddue_s_engt_ dau=
(peroerwgo o/Ms.he) ""

Weight ¢_nge d=a

S&ecimen configural_On

SBS
Flexure

t 45 deTee teeson

SBS
Rext,_e
_:45 degree tens,on
SBS dr_oul •""

SBS
FIo=_ure

t 45 degree ten,on

SBS ¢_ry_,t

,I ..

5208

91,1
1H_8
111.0

I_.;'
101,8
119.3
107.6

1.05

Mstenal system

5209

879
1094

73.6
91.4
66,7

I04,0

.6,8

934

83.6
116,C
1"20

1'92
94.9

119.2
99.0

_ °'_

Non_olir Face

_=erty

Roo_ t_eralum res_ad
=at_gu_ =t=
(pemenlageof ba_i..-,e) • •

E!evatedtempc_r=ture
_s<_al =_'eng_hd_.a
(l_mer_U_e of t_t_l,ne) " •

Weig_ changede=

We_t loss¢_._ tryout

Soeomen conhgt;rat_on

,,.,.

SBS
F:ex_Jre
CO'T_ essc'_

SBS
P exure
Cor,-_ #ssion
St:ess.,,_lzef'tson" • •
SBS dq_: • ""

$85
Flexure
S_"e*..sKt'e,'_

5208

95.4
113.8
85.3

,mL

91.2
902
81.8

|

e*ee

I 07

M_-'_te-iaJsystem

52O9

S6.7
1361

6"7.1
908
_).43

137.7
133-3

934

_C7
1142
132

?9 2
9¢..6
83.1

1158
IOC.'_

122

Note8:

• These l_o_r4 e,posed kx 1,812 d_ys

• " Resk:_ld_er_ d_l hemal o't bese,,-e t_s's i_ the .,_lko_,._..vt'e,"foetal.tel.

• "" TIslKI at room'em;:erl_re

_1



TaO_ B- 14,

Solar Face
i

Property

Room ten'C_rstu_eres_u=i
d=ta

(pe4"centageof I_W;ne)" •

Elevs_¢l temper-,tum
re_lual z_.m;Im dm
(percentageof M_ne) •"

W_ohtohw_e data
I:_mge gan +
I:hm:entageIo. -

WWghtIo. du_r_ dr_t

Summary of Results--DalLas. Nom_ 10-year Sl_¢_rnens "

S_oecimen conSgurat,on

SgS
Fk_t.re
:1:45_ee 1eftsOon

SBS
Fk=ure

± 4S cMRr_ temion
SBS dryo_

SBS
Fk_xum

SBS¢r_Jt

I_l_al system

52O8

1050
10Q4

110.6

10(5.7
118.0
136.3
1013

.72

52O9 934

989 : 30.4
995 1166

10_,2 1134

109+8 94.2
92.3 96.6
885 1214
99.6 I00.7

i

iloee illee

47 ,65

Ncmsolar Face

Prooe_

ir_ongthdata

El_ated terr_eral_re
r_,dud m_ dato
(pevcer_ge o! t_=qVine)" "

Spe<:_n_n conf_ ura*.=on

S_S

Compresr_c_

SBS
F_e_u_e

Co_',_es_o_

52O8

105.5
1161
942

103.4
_C_89
52.It

We_i_t change data

S_'eSS4K_t_m.'¢On
SBSdr_ut

SBS
F,ext;re
Stressed_P._on

SBS _-yo_

1094

' 107.0

.88

NotllI:

• These _n_s exposed for 3.S53 _=ys

" " R¢1_¢,_,11_-_'e,'x_ data _ _ b, lSl ro ti_$ ill Iho res_ec,_ve le'roe, afurq_

.... No_ws_,,l_

t O,ip ta_ =;PI:_

k_tenal system

,%-_9

964
1_9
_.1

1_.1
80,6
_0
97.4

I_.5

,+,e

,46

+0-34

ggS
_4_
86.4

¢57 'P
119.,,I
105.0

,75

122



Tal_e B-15. S_,mary cf Resu_.--NASA Drtcten, N_m:,na/ l-year S_cec,:c}ens "

Solar FK'e

Property

tq_'q_s_um _idual

_age o_bamne)" •

EkM_d tl;mpeeltute
_e_th _ta

of b_ne)""

Wei{_t _an_ {lata

I_rce_ k_z -

We_t Io_ _nng a_ut

Specimen conf:G_Jration

SSS
Rexuro

:It45 degree tenon

SSS
Flexure

,45 deToo leneon
SaS d_=_1

SB$
Flemute

45 cJe<Taatens;on

SBS or_out

5208

!1t.5
_g.3

104.6

N.5
106.1

95.8
1152

.05
-.17

67

Ma',erial sys'e_

52C9

841
:04.6
_!0.4

79.1
968
9C.6
92.7

.O2
•.24
.,11

i,i

934
i

93.2
_¢4.5
',04.8

79.8
102.5

95.9

,'1

-_C
.C5

.47

Nonso_ar Face

Property

Room teml:_a_u_o ro_du4d
_englh data
(pe-centage_ 1,_ne) ""

L ,i

Ek_md teethe
¢_id._' st_mgth data
(p_'c_age of _e) •"

S0ecimen eo,nr_urabon

SBS
Fle_e
Ccm_reS_on

SGS
Flexure
ComPr_O_
Stre_1 t_ns_oc

SBS Oycut

Ma:er,al system

5208 52C9 934

99.2
195.4
g_.9

I0_.4
112.8
78.2 tt

105.5
_042

Wl_g_! d_tt_e data
P_cer_ta_ g,_n .
P_c_mag_ Ion -

Weight_o_ ¢_r_gdrvom

$@S
_I(UfO

S_" es_ mr, s._r

m

$9S c_yout

.'0
• 02

=

.58

No,los:

• These sq_K_e,r_ exl_s_ for 433 days

• " Residual s_e_h d_a I:_lmldon I_aselr'e "es's a' therespectva "e_oe'atu_a$
f Average of _*o 'me, roans.

t t C_p tab _l:_¢4<Je.

895
Io_5
_o_9

82._
:07 Ct
:17.5

91.7
862

..13
.15

920

97 C

1075
set

10:6
88.9

.07

.C5
C5
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TaOJe8-16.

So_ar FaCe

Pmpe_

Room Ion'qDera_X_'o_anick_,ml
m_jth de',,=

ol baseli_) • •

EJevat_l M,'yC_lturo

ros_l_nl slrsngth dan=
L=WC_:sge o_bss_) • •

W_ht ¢hs_s cleta
pe_r_je g_
Pe,centage k_m --

IH u

ws_g__ du_ ¢lryQut

Summary of ResuIts-,-NASA DryO_, Nominal 2-year Spec_nens "

Sl:WOmen configuration

i i

SBS
Flexure

± 45 ¢kPo_ t_m=on
|1

SBS
Flexure

SBS dnmix

SOS
Flexure

SBS dryo_ t

Material System

S208

101.4

107J
111.9

104.6
100.4
g7 .a

10g.7

01

38

94.4

111.1

1t2.7

672
92.6
935
90O

.01
.2'3
.23

.21

934

93.4
100.2

M.O
I02.7
97.0

1OO.8

.07

-_2

.38

NoNmtar Fa¢o
ii ill i

Pro_ny

Room ter,_ =ture re._lual
==,_¢h data
(peme_age of bat_ne) ""

i l i i_

E_vate¢l ter_Oet,_ro

re=djad Sb'e_3thdata
(percer_ageof baseline) " "

Weight c_a.._ged_.a
Perow_luJo gain .

Peroe_ k_ss --

W=gt_ lot= _ng ckyo_t

NOIBS

I

eo

?

t?

S,p(_n ¢onfiguraben

_m

SSS
F_exuro

SSS
i:km.fo

COffq_$ S;Ort

Slrsssa¢l_ens_on
SSS_r:_!
i

S9$
Flexure
Siresa=clteNuon

i

SBS cWo_ t

n

52O8

91.7

102.3

91.7

99.4
1123
883

1068
107.9

.11

•.47

.,01

.44

Material system

5209

952
10_.9
100,5

86.3
;03.5
82.6
89S

1008

i

..01

•.26
-.23

25

934

g4E
1:2.C
1327

96.0
106.4

85,1

I08.3
_,6

11

..18

.49

ThOle q:leome_ sxpot_cI f_" 71S O4ytL

Rm_J_ _l_en_ dat_ baud on I_m_dine t_l= at _ re_oec,_vo "emOefa:_es.

Dryo_,ov_ overeat to I T_C _JSO'_}, _ days
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Tat_e B. 17, Summary of Results--NASA Dryoe_.. Nominal 3.year Sp_rnens "

i

Room temperttum me;dual

_ength data

i

El_alod temmmaure

=nngth data
o_t)m_ine) •"

We_t change da_a
I_rce_ 9_n
Percemage ion -

S{:_:_ime n configura:K_n

SBS
Ftexure

,45 _ee te,oon

SOS
Fk_xum

45 ¢kqoo te_
sss

i

SSS
Fle_o

± 45 ¢le_le tl_

U.2
111.1
112.4

95.5

112.1
103.9

95.2

.04
-,18
•.26

M3,'e_at sys'em

5209

94.4
1043
1172

883
108.0
I C2.7

89S

,01
•.28
.10

934

_9
107.3

108.2

87.3
117.5
101 4

85.8

.O5
..21
-.19

Weight loire,during de/cul $8S dL,yout .52 .29 .56

N_Joilr Face

P_eCy

Room teml:_ecum m¢¢_=1

(p_'mmlage of Ms.he) ""

Ekr_ated tempera.'uf e

ret_d,J=l slTer_h data
(j3e-cenlage of base;he} " "

Weig_ c_ar,,ge data
Pefc_ gain ,

I::'erc_ _ -

i

Speomen conhgu _dicn

SSS
Flexure

Corr_res_On

S_S

Com_ess_on
Stres_ t_m¢_

SSS _ryo_t

SBS
F]tx_,re

S._es._*d te_s;_n

SSS d_yo_,l

5_8

80.9
I03,9

888

950
1:3.7

75.5 t

107.4
902

07

.10
.04

56

• ,, = ,, |

I_ter, al Syste"n

52O9

931
",120

86_

868
,C7."

91 7
942
865

-22
-.2(5

-.C_

934
i

965
"C75

_9.3

68 4
!22.6

65.2
:13.0

9:5

.1:
.18
-.0:

.35 .54

Nolts:

• T_ _or_ne ex_ fc_ 1, _21 c_y_

1' GrID 1_ ft)_tl.
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Table 8-18. S_mmaty of Resutts--.N,4SA DcyOe_, Nominal 5-year SDec_er_$ "

Solar Face

Pro_rty

Room tw'Ip_ mturt rqNKlul¢
=mr_ dzm
(.Dl_-'l_a_ oJb,lz_ir_) * *

l i

ElevatedW_cxwlmJm

(,oon_magoal bas_ir_) "•

gain .
P,rcenm_ k_, -

W_ low duringcltycx.t

S_c:men con_ura_n

SSS
Flexure

± 45 ¢k_FN tormon

SS,S
Fk_xuro
: 45 _ tension

i •

$8S
Re=u_

:_45 degrN _n=o.

SBS d_em

MatenaJ syslem

5208

98.2
103.1
1'00

98.2
lOeO
1022
106.7

.oe
• 19
",32

,62

52O9

86.2
105.2
117.9

78.1
103.3
95.4
92.9

.05

.I0
-23

37

934

85.5
I05.2
105.7

82.9
107.9
97.3
9C6

.17
26

.21

65

Nonlm41r Face

P_:mny S_Oci men co_hguralion
Mat_aJ sys:em

i ii

Room tlmnl=Waturerl,,J_Ual
_mrrj_ c_a
(_g= ol bas_ino) ""

Ek_ated I_1_ralu_e
mCdu_ _l'er,glh data

i

F1e=ur.

Con'pre,,_=icn

$8S
Fk_xuco
Cocr_¢es_on

52C8

9_,3
_0_.5
870

9(3
113.3
82.3

5209

89 9
",04.0
93.1

8,_.5
95.4
864

934

<;3.2
1:5.2
97.2

113.'1
823

WWgh!changedata
P_mmge gain .
Peme_a=_ lois -

W_g_l los=ounn9 _,you_

_o_o_ tin lUCr

SSS cPy=_t

$B,S
Flexure
Slat O_s.o,_ Ilnl_P

SBS el-your

1069
_05,g

.18
•04
.06

_.4
97.0

34
-.12

.42

13gS

91.4

.23
•.72

.1.19

.67

Notes

• There =Oeoment exposedfo__,822 days.

•" R_Udua¢stretch data b_sKI on ba_,el:_ tests a',t'_ereset.re t_mperat_res.
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Table B,19. Summary of Results---NASA Dryden Nom_,al 70-year Speon_ns °

Solar Face

Prope_

Room temperaturerem_al

=tr=r_thdata
(i>_¢_ta_ otbegone} ••

Elevmd _nqxJratute

re_Klual s_m_h data
o_ be_r_}""

WoN c_a.Qe data

Percemogo gain •
P_c_tage io_ -

w._pt _, _ dryo=t

S_c,rnen conSg_rat,on

$8S
Flexuce

:L45 defoe teen,on

SBS
FlexiJe

:1:45 degree tension
SBS _rout

SBS
Fle_ure

* 45 d¢_o toe.On

SSS _!

Marshal system

52O8
i

1C7.2
103.5
109.2

109.5
104.4
118.0

tess

eeee

eese

5209

107.3
116.4

1_3
87.2
93,0

118.3

eeoc

eeeo

eeee

934

112.9
114.5
1129

113.c
101.0
123.8

112.6

eeee

eese

sees

ssQe

Nonsolar Face

Property

=J i

Room lOmpWatu_ ro_du_l

(percentage o(base_rw) • •

Elevated temp_
ro$ dual Ilreng_h data

(pemeotage of t_;ne) " "

Weight charge data

Pe,ce.tage bee -

Spe cime_, con:_urat,on

$BS
F'oxure

Co..-'4uess en t

SBS
F;exu:e

Co r_:x ess_on ?
St-essed ten_n

$8S c_y_ut

SBS
Rexwe

Stressed :ens.o,_

SBSd,-_t

5208

115.2
107.5

693

!12.3
",O4.4
132.8

95.0
12_ .0

kC3.ter,aJ sys_m

5209

1Ol 2
9'36
6_0

t,'_.6
87.4

::1.7
96.7

1 _8.5

see,* sees

ee_ sees

eese e_ee

m

eeee sees

_34

107.1

;-99

136 8
97.7
65.7

I_!.7
I_2.0

•tee

eeo_

sees

NolBI"
e

e-ee

1'

The_e epeom4mo e,rpose._ for 4.186 Cays

Rel_ck_el S_er_h data based on _msel '_e tests att'_e re_lL_Ct',o _em_e,al_res
Not _ada_e.

Toiled in tlTR] eyrief,_tune
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Table CoI. One-Year Time Alone Re.c,OksalStrength,"and Wmg_.tC_.angeRes_.,_ts

Property

Room terrc>erature
residual

strength
idata

(percent o4base:ine)

Elevated

temperature
residual

strength
data

(percent o4base:ine)

Weightchange c_ta
Pemenl gain +
Perc_ loss -

Glass _vaPsitk>nten'_erature

(percentage of baseline_

Speomen

Configur_on
SBS
Flexure

SBS

Flexure

SBS

Flexure

5208
93 0
93 3

99 6

100 3

-.10

-18

102

Material S_tem
5209
92 0
9;)6

tO0 7

1004

- O5

- C8

98

934
967
933

995
967

-16

I :.0

• Residual =treng_ Oata, _pone¢l as a percentage o_basewne strength at the
respec_ve temperature. Each data poirWrepresents five spec=mer,tests

Table C-2. Two.Year T_meA_cneRes,OualS,'rer_gm"at,d We_t C_,ar_e Resu',s

Property

I

Room tenc)erature
residual

strength
dala

(percent O4bazeWne)
Etevated

temperature
residual

strength
data

(percent o4baseWne)

Weight change ¢.ata

Percent gain .,.
Percent loss -

G;ass trar=r,_iontemperature

{percent@ of baseinel

Spec=rn_p,

Confi_Jr3l_n
SBS
Flexure

SBS

Flexure

5209
99 6
96 5

96.2

97.7

-1C

-14

Ua]ena!S_stern
52C9 T

A

936

977

I
l
I

I
949

I_2 2

-C3

-03

NOt recoroe_

i

" ResJdualstrengthdala repoded as a percentage of basehne s!rength at lhe
respectivetemperature Each data po,ntrepresentsf,ve spec.n_n lasts

9_4

96E

_03 C

8:'3

98E

-22
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Table C.3. Three.Year 77meAJoneResidual _rengtn" and We_ht Change Results

Spec=men

Contk_uralion
SBS
Flexure

5208
99.4
82.0

Not

Property

Room temperature
residual

I

;strength
aata

(percentage of baseline)
i

;Elevaled

temperature
resklual

strength
data

(percentage ol baseine)

Weight change data
Perce_age gain +
Percentage toss.

(_tasstra_ temperature

(pecentage of baseine)

SBS
Flexure

100 2

82.1

MmedalSyslem
5209
95.8
75.2

SBS
Flexure

934
95 0
80.4

93.8

78.5

-07".04

-.11

i ,, -,

• Resic_al strengthdata repo,'ledas a percentageof baseline strengthat the
respective temperature. Each data point represents live specimen tests.

roco_ecl
-.13

Table C-4. Summsry of ResctJal Strength Alter HurnicbtyExl_._re

_E.,__T,_.,E OF_EU_ ST_ _'_;_½

I )i"
II

I_zt_m

40

m
m
8:)

g8

A

16 " 31:) 80 _"

91 ,C1 T7 1CI _6

132



TaL'VeC.5.

_0

Summary of Re$iCu&l Strength A.*ter

2-y'eat Exposure on Wet Specimen

PERCENTACJE OF BASEL_ sTr-ENGT..,,_

I I

MS 819 M6 Mg _0

A

655

$06

74;)

Nora

Each <tat=pont _rxt, se_ t_e scecmen _ts

Table C.6. Weathetometer 6-month Non_,,'_at Exposure

MATERIAL

I

5208 Painted

Unl_inted

5209 Painted

Unpainted

934 Painted

Unpainted

RESIC_AL FLEXURE

STRENGTHS". %

ROOM
TEMPERATURE

=1 •

112

I I

116

105
J I

93

100

99

95

111

GLASS T RAN S I TION
TEMPERATURE

PERCENTAGE OF
BASELINE

I ii i IIII

97

102

94

• Res_ual strengthd_a reported as a percentage ol t:>ase_inestrengthat the
respect;re temperalures Each data poin! ref_esents five specimen lests.
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Table C-7, Weatherometer 1.year No_t_t ExDo_ure

MATERIAL

5208 Painte¢l

Unl_inlecl

5209 Painted

Unl_lnted

934 PaiNed

Unl>aintecl

ROOM
TEMPERATURE

89 9

94.4
i

RESIDUAL FLEXURE
STRENGTHS'. %

82= C (180"1:)

115.5

92 6

117.3

103 0
i

108.7

99 6

GLASS TRANSITION

TEMPERATURE

PERCEN TAGE OF
BASELINE

95

9"/

92

95

96

96

• Residual s_renglh data reported as a percentage o! baseine strength at the
msl>ectWe temperatures Each data point represents five speomen tests

MATERIAL

I

5208 Patnte<l

Unpa;nted

5209 Painted

Unpainted

934 Painted

Unl_nted

Tab/e C-8 Weatherometer 24.rr_nth No,'r_n&l Exi_sure

RESIDUAL FLEXURE
STRENGTHS* %

=| i i

8,_ C (1_

Bill II

63

80

i

ROOM
TEMPERATURE

87

103

73

100

79

93

• Residual strength data repoaed as a percerla_e o' base_ne strength at the

respective temperatures Each d3ta peint rel_eSu_L's bye speomen tests

GLASS TRAnSiTION
TEMPERAT URE

PERCENTAGE OF
BASELINE

107

107

103

102

105

1C5



TaDteC-9. Ground.Air-GeoundResKtua/Strength"Resutts

SPECIMEN

Short beam shear

5208
5209

934
in i

Flexure

5208
5209

934

TEST TEMPERATURE

ROOM TEMPERATURE

88,4

79.9
86,1

80.4

83.1
87.9

82"C (180:F)

793
61 7

67.3
, Jm

83.4
72.6

79.9

" Re_dt_aJstrength¢latl reported as a percentage of baseline strengthat the
respective temperatures. Each dala poinl represenls fwe Sl:x_rnen tests.

Note: All specimens exposed 1o3200 simulatedgroun@.air-groun<Jcycles are
desaJbed in section 7.5 ar_ figure 30.
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A study was conducted to determine the effects of long-term flight and ground exposure on th:ce
conuncrcislly available graphite-epoxy material s_stcms: T300/5208, "1"300/3209, and T._'_,,9.LI
Sets of specimens were exposed on conmteccial aircraft and ground racks for 1, 2, 3, 5, and 10 years.
In-flight specimen sites included both the interior and exterior of airccaft based in Hawaii, Texas, and

New Zealmd. Grou_ racks were located at NASA Dryden Flight Resea:'ch Center and airports in
Dallas, Honolu/u, and Wellington, New Zealand. Similar slg'cimens were exposed to controlled lab
cow,dons for up to 2 years. After each exposure period, spe,._iraens were evaluated for resktual
sc,'cngth and a dryout procedure was used to measure moisture content. Both room and elevated

tempcra:ure residual strengths wen: dctcrnfined and expressed as a pcrccnta_ of the unexposed
su'cngth. Lab exposures included the effects of time alone, moisture, time on moist specimens,
weatheromctcr, and simulated ground-air-ground cycling. Rc._dual strengths of the long-term
specimens were compai_t with residual strengths of _e lab specimens. Strength retention depended
on the exposure conditkm and the material system. Results showed that composite materials can be
successfully used on commercial aircraft if environmental effects arc acctmntcd for in the design.
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